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Reorganization  and  Relocation  of  the  Battlefield  Environment  Division  of  the 

U  S  Army  Research  Laboratory 

COL  Richard  P.  Price 
US  Army  Research  Laboratory 
Information  Science  and  Technology  Directorate 
Director,  Battlefield  Environment  Division,  AMSRL-IS-E, 

2800  Powder  Mill  Road 
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Phone;  301-394-2286,  FAX:  301-394-4797 
e-mail;  rprice@arl.mil 


Abstract 

Current  organization,  strength,  and 
technology  thrusts  are  presented  for  the  US  Army 
Research  Laboratory  (ARL)  Battlefield  Environment 
Division  (BED).  Near-term  tactical  weather 
deliverables  for  the  Army's  artillery  and  intelligence 
customers  are  discussed.  Generalized  fimding  and 
long-range  research  goals  are  discussed.  1991  Base 
Realigrunent  and  Closure  (BRAC)  requirements  for 
relocating  portions  of  the  former  Atmospherics 
Sciences  Laboratory  at  White  Sands,  NH  are 
reviewed.  Subsequent  restructuring  of  ARL  and 
current  alignment  of  atmospheric  sciences  research 
continues  at  the  US  Army  Research  Lab,  Adelphi, 
MD,  and  White  Sands  Missile  Range,  NM. 

1.  Introduction 

Over  the  last  year,  two  efforts  have  been 
completed  which  resulted  in  the  reor^nization  and 
relocation  of  the  Battlefield  Environment  Division, 
which  was  formerly  the  independent  Atmospheric 
Sciences  Laboratory  located  in  White  Sands  Missile 
Range,  New  Mexico,  and  then  the  Battlefield 
Environment  Directorate  of  the  Army  Research 
Laboratory.  The  first  of  these  was  the  movement  of 
the  atmospherics  effects  mission  from  White  Sands 
to  AdelpM,  Maryland,  as  a  result  of  the  Base 
Realignment  and  Closure  Act  of  1991.  This  move 
coincided  with  the  construction  of  new  fecilities  to 
receive  the  56  research  positions  transferred  to 
Adelphi.  A  new  $2.3  million  High  Bay  building  was 
completed  in  October,  1996,  to  house  the  electro¬ 
optics  and  adaptive  intelligent  optics  laboratories, 
and  a  new  site  for  atmospherics/acoustics 
propagation  studies  is  currently  being  constructed  at 
Blossom  Point,  Maryland.  The  second  effort  was  the 
internal  reorganization  of  the  Army  Research 
Laboratory  fi-om  11  original  directorates  to  5  new 
directorates.  One  of  these  directorates.  Information 


Science  and  Technolo^,  was  formed  consolidating 
all  or  part  of  three  directorates  with  tune  division 
and  ended  in  a  structure  of  three  divisions,  of  which 
the  Battlefield  Envirorunent  Division  is  the  largest. 

2.  Division  Mission 

The  United  States  Army  Research 
Laboratory  (ARL)  Battlefield  Environment  Division 
(BE)  of  the  Information  Sciences  and  Technology 
Directorate  is  the  lead  Department  of  Defense 
organization  for  research  and  development  in  the 
portion  of  the  atmo^here  unique  to  the  Army 
warfighter's  battlespace-the  planetary  boundary 
layer.  BE's  mission  is  to  "Own  ^e  Weather"  (OTW) 
by  providing  atmospheric  effects  information  to 
decision  makers  on  the  battlefield  in  planning  and 
executing  operations.  The  joint  Army/Air  Force 
OTW  initiative  will  provide  knowledge  of  current 
and  forecast  battlefield  environment  conditions, 
along  with  their  effects  on  systems,  soldiers, 
operations,  and  tactics,  to  provide  a  decisive 
advantage  over  opponents.  Succinctly  stated,  the 
mission  is  to  own  the  weather  by  advancing  our 
understanding  of  the  atmosphere  and  its  critical 
relationship  to  performance  of  Army  systems 
operations.  To  do  this,  BE  acts  to  develop,  acquire 
and  integrate  new  atmospheric  science  technologies 
that  enable  Land  Force  Dominance.  Annual  mission 
fimding  for  this  mission  is  on  the  order  of  $11 
million  excluding  customer  funding  fi'om  outside 
agency  sources. 

Under  the  DOD  Project  Reliance  taxonomy, 
BE  is  the  lead  agency  for  multi-service  programs  in 
transport  and  difiiision  modeling  and  mobile 
atmospheric  profiling,  with  the  latter  technology 
transferring  out  of  BE  to  advanced  engineering 
development  in  FY  99.  In  addition,  BE  contributes 
to  tri-service  goals  in  the  areas  of  theater  data  fusion 
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and  predictions,  boundary  layer  processes,  and 
atmospheric  effects.  The  branches  remaining  at 
White  Sands  are  the  Weather  E^qrloitation  and 
Artillery  Meteorology  Branches.  The  branches  at 
Adelphi  are  the  Atmospheric  Effects  and  Synthetic 
Environments  Branches. 

The  BE  program  is  driven  1^  the  Army's 
need  for  boundary  layer  meteorological  information 
at  scales  smaller  than  those  used  by  either  the  Air 
Force,  Navy,  or  civilian  community,  and  over  data 
sparse  geographic  regions.  The  requirement  to  host 
t^  capability  on  Army  tactical  hardware  iiirther 
impacts  the  research  and  development  programs. 

3.  Specific  Division  Functions 

Listed  below  are  the  specific  functions 
provided  Ity  the  Battlefield  Environment  Division: 

(1)  Direct  atmospheric  sciences  programs 
consistent  with  priority  Army  requirements;  and 
manage  the  division's  research,  development,  and 
applications  plans. 

(2)  Provide  executive  management,  advice, 
and  assistance  for  the  division  and  manage  division 
resources. 

(3)  Recommend  the  establishment  of 
appropriate  technical  plans,  policies,  and  procedures; 
serve  as  the  point  of  contact  (POC)  on  matters 
related  to  technical  plans  and  programs. 

(4)  Analyze  potential  customer 
requirements  and  foster  effective  customer 
relationships. 

(5)  Prepare  the  division's  portion  of 
plaiming  and  marketing  documents,  and  coordinate 
technical  planning  and  marketing  with  ARL  to 
ensure  technical  plans  agree  with  ARL  strategy  and 
business  plan. 

(6)  Coordinate  and  consolidate  the  technical 
program,  monitor  implementation,  and  review  and 
analyze  accomplishment  of  directorate  objectives, 
including  the  WEATHER  XXI  Campaign  Plan  and 
the  Army  After  Next  initiatives. 

(7)  Recommend  the  establishment  of 
appropriate  atmospheric  research  and  development 
programs  based  on  documented  Army  requirements. 


(8)  Develop  and  coordinate  long-range 
plaiming  and  progranuning  for  the  division  mission 
with  ARL  and  publish  the  Directorate  Strategic  Long 
Range  Plan. 

(9)  Formulate  organizational  budget 
requests  for  the  Budget  Year  (subsequent  fiscal  year) 
for  all  program  elements. 

(10)  Manage  the  financial  resources  during 
the  execution  and  Five  Year  Defense  Plan  (FYDP) 
for  the  current  and  prior  year. 


4.  Atmospheric  Effects  Branch 

The  mission  of  the  Atmospheric  Effects 
Branch  is  to  improve  the  imderstanding  of  boundary 
layer  processes  of  the  battlefield  and  provide  a  means 
of  implementation  of  these  Army-scale  processes  for 
use'  Ity  the  Commander.  This  includes  developing  a 
capability  for  the  Amty  to  effectively  detect  and 
identify  the  presence  of  biological  agents,  both  in 
situ,  and  remotely.  It  also  includes  research  on  first 
principal  acoustic  propagation  models  for  use  as 
battlefield  decision  aids.  The  branch  provides 
enhanced  knowledge  of  NBC  hazard  zones  and  the 
effects  of  local  meteorology  on  various  types  of 
military  operations.  They  perform  theoretical  and 
experimental  investigations  into  nonlinear  optical 
dynamics  designed  to  develop  tystems  capable  of 
correcting  severe  phase  distortion  and  improving 
image  quality. 

The  Atmospheric  Effects  Branch  was 
entirely  relocated  to  Adelphi.  These  are  the 
principal  basic  researchers  in  atmospheric  physics. 
The  Atmospheric  Effects  efforts  address:  (1)  acoustic 
propagation  and  background  models  for  predicting 
environmental  effects  on  acoustic  signatures  and 
sources;  (2)  micrometeorology  of  urban  and 
vegetative  canopies,  (3)  optics  and  beam  propagation 
in  the  boundary  layer;  (4)  transport  and  diffusion  of 
chemical/biological  agents  and  other  aerosols 
released  into  the  atmosphere;  and  (5)  in-situ  and 
remote  detection  of  chemicaL'biological  agents  and 
pollution  aerosols.  ARL  BE  performs  associated 
boundary  layer  profiling  research,  with  the  FM-CW 
radar  and  Sodars,  and  acoustic  field  woik,  including 
the  56  foot  long  Mobile  Acoustic  Source,  at  Blossom 
Point,  Maryland,  upon  completion  of  the  site 
preparation  and  equipment  refurbishment  in  FY98. 
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There  are  five  teams  within  this  branch. 
Their  missions  and  fimctions  follow: 

(1)  Atmospheric  Transport  &  Diffusion 
Modeling  Team 

(a)  Develop  techniques  and 
parameterization  methodologies  for  improving  Large 

Ed^  Simulation  and  micro  meteorological 

models. 

(b)  Developments  are  being 
directed  so  that  results  can  have  a  more  direct 
application  to  command  post  tools  such  as  Tactical 
Decision  Aids. 

(2)  Atmospheric  Acoustics  Team 

(a)  Develop  validated  acoustic 

propagation  and  background  models  for  assessing 
and  predicting  environmental  effects  of  the 
atmosphere. 

(b)  Develop  validated  acoustic 

propagation  models  for  assessing  and  predicting 
atmospheric  turbulence,  and  land-sea  interfaces  on 
acoustic  signatures  as  propa^ted  fi-om  source  to 
receiver. 

(3)  Chemical/Biological  Research  Team 

(a)  Provides  atmospheric  effects  on 

stand  off  detection  through  both  a  laboratory 

research  effort  and  a  modeling  effort. 

(b)  Simulate  the  effects  of  natural 
background  interferrents  such  as  bacteria  spores, 
pollens,  molds,  and  clay  minerals  using  ultraviolet 
detection  of  agents. 

(c)  Investigate  the  potential  for 

using  circular  polarization  as  an  alternative  to 
fluorescence  detection.  Explore  new  technologies  for 
detection  of  bioagents  such  as  Acoustic-Optical 
Tunable  Filters  (AOTF)  and  Optical  Parametric 

Oscillator  (OPO). 

(4)  Boundary  Layer  Processes  Team 

(a)  Establish  a  boundary  layer 
field  measurement  &cility 

(b) Develop  an  inventory  of  Army 
relevant  boundary  layer  and  micro  meteorological 
models/codes. 

(5)  Adaptive  Optics 

(a)  Develop  new  techniques  to 
mitigate  optical  turbulence  effects 

(b)  Transition  understanding  of 
atmo^heric  effects  to  imaging  and  sensor 
technologies 


(c)  Develop  capability  using 
adaptive  optics  to  permit  target  recognition  in  a 
cluttered  environment. 

5.  Synthetic  Environments  Branch 

The  Synthetic  Enviromnents  effort 
addresses:  models  and  simulations  of  enviromnental 
effects  on  electro-optical  systems  and  visualization  of 
models  and  ^thetic  enviroiunents  using  realistic 
battlefield  conditions.  This  branch  develops  and 
investigates  research  methods  by  which  to  model  and 
depict  the  battlefield  environment  and  to  develop 
scientific  methods  by  which  to  evaluate  these 
models.  Using  a  combination  of  models  and  both 
laboratory  and  field  experiments,  this  branch 
scientifically  describes  both  natural  and  battlefield 
environments.  The  branch  consists  of  the  following 
teams. 

(1)  Atmospheric  Electro-Optics  Team 

(a)  Develop  a  complete  suite  of 
models  to  be  used  for  characterizing  and  simulating 
the  battlespace  atmospheric  environment. 

(b) Continue  to  develop 
experimental  capabilities  to  determine  the  effects  on 
electro-optical  propogation. 

(2)  Virtual  Proving  GroundA^irtual  Sand 
Table  Team 

(a)  Develop  tools  to  simulate 
dynamic  terrain  and  (fynamic  cultural  features  to 
provide  realism. 

(b)  Develop  multi-level  of  detail  at 
variable  resolution 

(c)  Develop  efficient  algorithms 
and  employ  high  performance  and  distributed 
computing  techniques  to  increase  the  speed  of 
physical  rendering  of  models 

(d)  Develop  a  methodology  for 
providing  for  interoperability  between  models  based 
on  model  description  language. 

6.  Weather  Exploitation  Branch 

The  Weather  Exploitation  efforts  address: 
(1)  battlescale  forecasts  of  tactical  weather,  (2) 
tactical  weather  data  assimilation  and  distribution, 

(3)  advanced  tactical  decision  aids  integrated  with 
tactical  weather  data  products;  and  (4)  transitioning 
advanced  weather  technology  to  Battlefield 
Automated  Systems  and  Battle  Laboratories.  The 
mission  of  this  branch  is  to  develop  and  market 
Owning  the  Weather  technologies  to  the  warfighter 
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through  Advanced  Warfighting  Experiments 
(AWEs),  Advanced  Technology  Demonstrations 
(ATDs)  and  other  technical  demonstrations  for  both 
Army  and  Air  Force  users.  Develop  automated 
capabilities  to  acquire  weather  data  from  all 
available  sources  on  the  battlefield  and  distribute 
information  to  Battlefield  Automated  Systems 
(BASs).  The  three  teams  and  their  functions  are: 

(1)  Weather  Intelligence  Team 

(a)  Develop  the  capability  for 
battlefield  commanders  to  e?q)loit  weather  as  a 
combat  multiplier  to  gain  advantage  over  the  enenty 

(b)  Enhance  battle  command 
effectiveness  through  the  use  of  automated  weather 
decision  aids. 

(2)  Weather  Effects  Integration  Team 

(a)  Develop,  implement,  and 
demonstrate  client/server  IMETS  applications  based 
upon  Battlescale  Forecast  Model  (BFM)  forecasts  of 
the  battlefield  environment. 

(b)  Integrate  BFM  and  weather 
effects  models  for  unified  weather  effects  for 
operations,  mission  rehearsal,  training  and  combat 
simulations 

(3)  Technology  Transition  Team 

(a)  Adapt  the  IMETS  client/server 
approach  to  interface  with  environmental  effects 
visualization  models  and  combat  simulation  tools  to 
provide  a  common,  unified  weather  effects 
environment. 

(b)  Support  Task  Force  XXI 
through  deployment  of  battle  command  tystems  and 
on-site  support  of  hardware  and  software  tools. 

7.  Artillery  Meteorology  Branch 

The  Artilleiy  Meteorology  efforts  include: 
(1)  integration  of  tactical  weather  data  and  forecasts 
into  artillery  indirect  fire  and  precision  strike 
operations,  and  (2)  remote  sensing  Profiler 
technology  for  artillery  upper  air  soundings,  which 
will  transition  in  FY99  to  the  engineering  developer 
for  advanced  engineering  and  fielding  with  the 
Amty.  The  mission  of  this  branch  is  to  use  Own  the 
Weather  technologies  to  enhance  the  warfighter's 
ability  to  exploit  weather  as  a  combat  multiplier  and 
execute  precision  strikes.  This  includes  developing 
technologies  to  accurately  predict  battlescale  and 
target  area  weather  for  use  in  automated  weather 
effects  decision  aids  that  transform  weather  data  into 
weather  intelligence  for  Army  Battle  Command 


System  (ABCS)  Battlefield  Automated  Systems 
(BASs).  The  two  teams  and  their  functions  are: 

(1)  Met  Systems  and  Fusion  Team 

(a)  Develop  a  prototype  mobile 
atmospheric  profiler  ^stem,  which  when  coupled 
with  meteorological  satellite  and  other  battlefield 
met  sources,  eliminates  the  requirement  for 
logistically  burdensome  artillery  balloon  borne 
sensor  and  hydrogen  generators. 

(b)  Develop  and  demonstrate 
techniques  to  fuse  atmospheric  data  from  battlefield 
met  data  sources  such  as  artillery  met  systems,  wind 
radar  profilers  and  radiometers,  met  satellites,  UAV 
dropsondes  and  onboard  met  sensors,  and  automated 
in-situ  sur&ce  sensors  for  a  more  coherent  and 
timely  measurement  of  battlefield  met  conditions. 

(2)  Computer  Assisted  Artillery  Met  Team 

(a)  Develop  Computer  Assisted 
Artillery  Meteorology  (CAAM)  software  that  uses 
fused  data  and  mesoscale  meteorological  modeling  to 
more  acciuately  predict  trajectory  and  target  area 
meteorology. 

(b)  Horizontally  integrate  CAAM 
data  into  artillery  C4I  tystems  to  minimize  met 
effects  on  indirect  fire  systems,  and  as  a  combat 
multiplier  for  deep  attack  plarming  and  execution. 

8.  Conclusion 

The  reorganization  and  relocation  of  the 
Battlefield  Environment  Division  has  not  changed 
any  of  the  missions  and  functions  of  the 
orpnization.  In  fact,  there  are  considerable 
advantages  of  synergy  with  the  merging  of 
atmospheric  effects  and  synthetic  envirorunent  with 
the  Information  Science  and  Technology  Directorate 
which  focuses  on  battlefield  situation  awareness 
through  visualization,  advanced  telecorrununications, 
software  and  intelligent  tystems  research.  As  can  be 
seen  by  the  number  of  papers  presented  at  this 
Battlespace  Atmospherics  Conference  and  in  the 
past,  the  research  continues  to  be  excellent  and  the 
organization  continues  to  achieve  its  mission  of 
advancing  our  understanding  of  the  atmosphere  and 
its  critical  relationship  to  the  performance  of  Arrtty 
specific  requirements,  enabling  land  force 
dominance. 
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ABSTRACT 

This  first  Battlespace  Atmospherics  Conference  reflects  the  increasing  emphasis  on  joint  operations,  not  only 
among  the  different  branches  of  the  military  services  but  also  with  allies,  such  as  NATO  countries.  Atmospheric 
effects  assessment  for  military  operations  or  hardware  design  would  not  be  at  the  state  it  is  today  were  it  not  for 
Joint  R&D  programs  in  the  past.  A  few  of  such  programs  are  reviewed  and  highlights  of  their  accomplishments 
presented.  They  include  the  tri-service  Atmospheric  Transmission  Plan  and  joint  programs  performed  by 
Research  Study  Group  8  of  Panel  4  of  the  Defense  Research  Group  (DRG)  of  NATO;  evaporation  ducting 
assessment  addressed  by  Research  Study  Group  6  of  Panel  3  ofDRG/NATO;  measurement  of  variability  of  coastal 
atmospheric  refractivity  and  EO  parameters  conducted  under  sponsorship  by  the  Office  of  Naval  Research 
involving  many  participants.  It  is  concluded  that  cooperative  programs  not  only  leverage  increasingly  scarce 
resources  they  also  provide  much  broader  perspectives  resulting  in  more  generally  applicable  solutions. 


INTRODUCTION 

Research  and  development  (R&D)  efforts,  especially 
those  that  require  data  from  different  geographic 
regions,  are  most  efficiently  carried  out  cooperatively. 
This  is  especially  true  for  military  R&D  in  the  post¬ 
cold  war  environment  where  defense  budgets  are 
significantly  reduced.  Since  this  is  a  conference 
sponsored  by  the  joint  services  in  the  U.S.  and  has 
broad  international  participation,  it  seems  appropriate 
to  review  some  examples  of  highly  successful 
cooperative  efforts.  Three  examples  are  presented;  the 
Department  of  Defense  Plan  for  Atmospheric 
Transmission  Research  and  Development;  evaporation 
ducting  assessment  by  the  DRG  of  NATO;  and  a  series 
of  coastal  propagation  programs  for  electromagnetic 
and  electrooptical  propagation  assessment. 

ATMOSPHERIC  TRANSMISSION  PLAN 

In  the  late  1970s,  the  Director,  Defense  Research  and 
Engineering  (DDR&E)  issued  guidance  for 
cooperation  between  the  U.S.  Army,  Navy  and  Air 
Force  in  the  area  of  transmission  of  optical,  infrared, 
and  millimeter  wave  propagation  through  the 
atmosphere  (Perry,  1978).  This  guidance  identified 
technical  issues  and  assigned  resporrsibilities  to  the 
services  for  their  solution.  The  Air  Force  was 


assigned  responsibility  for  development  and 
maintenance  of  atmospheric  transmission  codes  (such 
as  LOWTRAN,  HITRAN,  MODTRAN).  The  Army 
was  assigned  responsibility  for  measurement  and 
modeling  of  atmospheric  propagation  for  battlefield 
conditions.  The  Navy  was  assigned  responsibility  for 
predicting  propagation  conditions  in  marine 
envirorrments.  For  the  Navy,  the  most  pressing  issue 
was  the  development  of  suitable  marine  aerosol 
models.  The  development  of  the  first  in  a  series  of 
marine  aerosol  models  is  an  example  of  itsing 
cooperatively  obtained  data  from  complex  field 
experiments.  Until  that  time,  marine  aerosol  models 
considered  by  the  U.S.  Navy  were  based  on  a  two 
component  distribution  (Wells  et  al.,  1977).  Gathman 
(1983)  examined  a  large  body  of  previously  obtained 
aerosol  data.  Among  them  were  measurements  by 
various  groups  in  the  Atlantic,  the  Pacific,  and  the 
Baltic.  The  platforms  used  were  U.S.  and  Dutch 
research  vessels,  British,  German,  and  U.S.  research 
towers,  shore  statiorrs,  and  aircraft.  A  careful 
statistical  analysis  of  the  data  revealed  three  peaks 
within  in  the  aerosol  size  distributions  suggesting  a 
three-component  aerosol  model  for  the  marine 
environment. 
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Figure  1.  The  Navy  Marine  Aerosol  Model  (NAM). 


Consequently,  a  Navy  Aerosol  Model  (NAM)  was 
defined  by  a  linear  combination  of  three  log-normal 
distributions.  Figure  1  shows  the  three  component 
NAM  with  each  component  characterized  by  a  mode 
radius  r  and  an  amplitude  A.  The  distribution  with  the 
smallest  mode  radius  is  the  background  aerosol  related 
to  the  air  mass  characteristics  and  independent  of  the 
local  wind  parameters.  The  second  component 
represents  marine  aerosols  that  can  statistically  be 
related  to  the  24-hour  wind  average.  The  third 
component  with  the  largest  mode  radius  is  related  to 
the  current  wind.  NAM  was  incorporated  into 
LOWTRAN  6  (Kneizys  et  al.,  1983)  and  subsequently 
extended  to  include  vertical  dependencies  in  a  model 


Figure  2.  Extinction  profiles  from  aerosol  model 
NOVAM,  nephelometer,  and  drop  size  distribution 
(Knollenberg  spectrometer)  measurements. 


called  the  Navy  Oceanic  Vertical  Aerosol  Model 
(NOVAM)  (Gathman  et  al.,  1990).  Figure  2  is  an 
example  of  an  extinction  profile  at  0.55  pm 
wavelength  calculated  using  NOVAM  (solid  line). 
NOVAM-derived  extinction  profiles  compare 
favorably  with  those  calculated  from  nephelometer 
(diamonds)  and  drop-size  distribution  measurements 
(circles).  The  threat  to  ships  by  sea  skimming  missiles 
and  the  need  to  detect  such  threats  with  electrooptical 
devices,  prompted  a  careful  investigation  of  near- 
surface  drop  size  distributions.  It  was  found  necessary 
to  add  a  fourth  aerosol  component  to  account  for  very 
large,  near-surface  aerosols  generated  by  high  winds 
under  white-capping  conditions.  Measurement  of  such 
aerosol  distributions  is  very  difficult  and  was  one  of 
the  objectives  of  a  multi-national  experiment 
conducted  by  Research  Study  Group  8  of  Panel  4 
(Optics  and  Infrared)  of  NATO’s  DRG.  The 
experiment  was  called  Marine  Aerosol  Properties  and 
Thermal  Imager  Performance  (MAPTIP)  and 
conducted  on  the  Netherland’s  Meetpost  Noordwijk, 
an  oceanographic  platform  9  km  off  the  Dutch  coast 
(Jensen  et  al.,1993).  Gathman  (1996)  added  a  fourth 
component  to  the  aerosol  model  that  is  now  called  the 
Advanced  Navy  Aerosol  Model  (ANAM).  This  fourth 
component  has  a  mode  radius  that  is  independent  of 
wdnd  speed  and  the  amplitude  of  the  distribution 
looses  its  vertical  height  dependence  for  high  wind 
speeds.  The  carefully  plaimed  multi-national 

experiment  for  obtaining  the  data  necessary  to  describe 
this  foiuth  component  is  an  excellent  example  of  the 
need  for  and  the  success  of  cooperative  programs. 

MICROWAVE  DUCTING 

Atmospheric  refractive  layers  may  chaimel  or  duct 
electromagnetic  (EM)  energy  very  effectively.  One 
persistent  ducting  mechanism  foimd  over  oceans  is  the 
so-called  evaporation  duct.  It  is  caused  by  the  rapid 
decrease  of  humidily  directly  at  the  water  surface  to  an 
ambient  value  above  as  shown  in  the  left  panel  of 
Figure  3.  The  center  panel  shows  radio  refractivity  N 
and  the  right  panel  modified  refractivity  M.  The 
inflection  point  in  the  M-profile  defines  “duct  height”, 
the  commonly  used  parameter  to  describe  the  strength 
of  the  evaporation  duct.  Figure  4  illustrates  effects  of 
evaporation  ducting  on  signal  strength  (expressed  as 
propagation  loss)  for  different  duct  heights. 
Propagation  loss  increase  (signal  decrease)  within  the 
radio  horizon  with  increasing  duct  height  (between  7- 
20  km  in  figure  4)  can  be  detrimental  when  trying  to 
detect  an  incoming  missile  while  propagation  loss 
decrease  (signal  enhancement)  at  longer  ranges  aids 
detecting  such  missiles.  Depending  on  frequency. 
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Evaporation  Duct 


Figure  3,  Humidity  and  refractivity  profiles  for 
evaporation  ducting. 

evaporation  ducting  can  produce  many  orders  of 
magnitude  in  signal  enhancement  for  over-the-horizon 
propagation.  Figure  5  is  an  example  of  radar 
measurements  imder  evaporation  ducting  conditions 
(Anderson,  1993).  A  shore-based  radar  at  a  height  of 
23.5  m  above  mean  sea  level  and  a  frequency  of  9.4 
GHz  tracked  a  target  at  height  of  4.9  m  between  4-18 
km.  Propagation  loss  is  shown  by  the  solid  line  for  a 
standard  atmosphere  and  by  the  triangles  for  the 
prevailing  ducting  condition  (duct  height  10  m).  The 
radar  data  clearly  show  both  the  theoretically  predicted 
initial  decrease  (between  8-12  km)  and  a  subsequent 
increase  (>16  km)  of  signal  levels  due  to  evaporation 
ducting. 

Timely  and  reliable  assessments  of  evaporation 
ducting  effects  are  crucial  for  ship  surveillance  and 
point-defense  purposes.  Profiles  of  vertical  humidity 


Figure  4.  Propagation  loss  for  different  evaporation 
duct  heights. 


(and  thereby  refractivity)  are  not  readily  measurable 
because  the  most  rapid  profile  changes  occur  within 
the  first  few  cm  above  the  water  surface.  Apart  from 
the  fact  that  it  would  be  very  difficult  to  make 
measurements  that  close  to  the  surface,  the  height  of 
the  surface  is  only  constant  when  averaged  over 
several  minutes.  In  surface  layer  meteorology,  semi- 
empirical  relationships  between  fluxes  of 
meteorological  quantities  and  their  profiles  have  been 
developed  and  so-called  bulk  measurements  (i.e.,  point 
measurements  at  a  reference  height)  are  used  to  infer 
the  meteorological  profiles.  The  need  for  developing, 
improving,  and  validating  evaporation  ducting 
assessment  prompted  several  NATO  cooperative 
efforts. 


Figure  5.  Measured  propagation  loss  under  evaporation 
ducting  conditions. 

One  effort  was  a  joint  U.S.  -  Greek  measurement 
program  in  the  strategically  important  eastern 
Mediterranean.  With  support  from  the  University  of 
Athens,  the  U.S.  Navy  established  a  propagation  link 
between  the  islands  of  Mykonos  and  Naxos  in  the 
Aegean  Sea  (Richter  and  Hitney,  1988).  The  shore 
station  at  Mykonos  used  vertically  spaced  anteimas  for 
receiving  signals  in  the  1  -  40  GHz  range  radiated 
from  the  island  of  Naxos  35  km  away.  The  link  was 
operated  during  four  measurement  periods  in  different 
seasons,  each  lasting  approximately  two  weeks.  The 
objectives  of  these  measurements  were  to  gather 
statistical  evaporation  ducting  data  in  this  important 
geographic  area,  validate  ducting  models,  and  provide 
information  on  choosing  optimal  shipboard  antenna 
heights  for  maximum  detection  ranges.  An  example 
of  a  two  week  measurement  period  is  shown  in  figure 
6  where  the  dots  represent  measured  path  loss  values 
at  9.6  GHz  for  a  receiving  antenna  at  4.9  m  and  the 
transmitter  antenna  at  4.8  m  above  mean  sea  level. 
Most  striking  is  the  persistent  signal  enhancement  of 
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up  to  60  dB  over  what  would  be  expected  under 
standard  atmospheric  conditions  (the  upper  dashed 
line  indicates  free  space  path  loss  values  and  the  lower 
difiraction  path  loss  values). 
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Figure  6.  Path  loss  values  under  evaporation  ducting 
conditions  (dots)  and  evaporation  duct  models. 

In  addition  to  the  propagation  measurements  in 
Greece,  another  important  cooperative  initiative  was 
the  establishment  of  NATO  DRG  (Panel  3)  Research 
Study  Group  6  (RSG  6).  This  group  was  chartered  to 
^investigate  the  low  level  maritime  duct  and  its 
influence  on  microwave  propagation  ^  RSG  6  was 
chaired  by  Professor  Jeske  of  the  University  of 
Hamburg,  Germany.  At  the  time,  he  and  his 
institution  had  performed  the  most  comprehensive 
analyses  and  measurements  with  respect  to 
evaporation  ducting  (Jeske,  1965;  1971).  Participating 
nations  in  RSG  6  were  Canada,  Denmark,  Germany, 
Italy,  Netherlands,  Norway,  U.K.,  and  U.S.  The  group 
conducted  meetings,  measurement  campaigns,  and 
analyses  and  concluded  its  work  in  1977.  The  final 
report  states  that  ^flor  the  evaporation  duct  well 
understood  models  are  at  hand"  (Jeske,  1977).  The 
conclusion,  that  evaporation  ducting  effects  can  be 
reliably  assessed  under  operational  conditions,  has 
been  proven  by  two  decades  of  experience  even  though 
the  understanding  of  the  physical  processes  governing 
flux-profile  relationships  in  the  surface  layer  have 
been  and  probably  will  be  further  improved  (Liu  et  al., 
1979;  Fairall  et  al.,  1996).  The  prediction  accuracy 
for  evaporation  ducting  effects  is  not  limited  by  an 
incomplete  understanding  of  surface  layer  physics  but 
by  horizontal  variability.  Evaporation  ducting  is 
operationally  significant  primarily  for  propagation 
paths  over  tens  to  hundreds  of  kilometers.  Over  such 
distances,  surface  water  temperature  and  surface  layer 


properties  will  change  thereby  causing  horizontally 
varying  duct  heights.  This  is  the  reason  that  newer 
evaporation  duct  models  have  not  shown  improved 
assessment  accuracies.  Rogers  and  Paulus  (1996)  have 
compared  several  models  with  different  measurements. 
In  figure  6,  they  compare  three  different  evaporation 
duct  models  (shown  by  the  solid  lines)  with  the 
previously  described  measurements  in  the  Aegean  Sea. 
The  meteorological  data  used  as  input  to  the  different 
models  are  based  on  shore  measurements  taken  at  the 
receiving  site.  In  the  top  panel,  Jeske’s  (1971) 
formulation  is  used  with  the  assumption  of  neutral 
stability  in  the  surface  layer.  The  solid  line  in  the 
center  panel  shows  calculated  path  loss  based  on  the 
formulation  of  Liu  et  al.  (1979)  and  the  bottom  panel  a 
modification  of  Jeske’s  (1971)  model  by  Paulus 
(1985).  All  three  models  do  a  credible  job  in 
predicting  evaporation  duct  enhancements  with  none 
of  them  showing  a  clear  superiority  over  the  others. 
The  conclusion  reached  by  RSG  6  almost  two  decades 
ago  still  holds  today  and  data  obtained  in  cooperative 
efforts  under  NATO  auspices  remain  an  invaluable 
soiurce  of  information.  NATO-sponsored  ducting 
investigations  have  continued,  the  most  recent  being  a 
microwave/millimeter  wave  effort  under  NATO  DRG 
(Panel  3)  RSG  8  sponsorship  (Christophe  et  al.,  1995). 

The  finding  that  evaporation  ducting  effects  could  be 
reliably  assessed  under  operational  conditions  was  one 
of  the  foundations  that  made  the  development  of  the 
first  military  microwave  propagation  assessment 
system  possible.  The  Integrated  Refractive  Effects 
Prediction  System  (IREPS)  (Hitney  and  Richter,  1976) 
was  first  operationally  implemented  in  the  late  1970s 
aboard  U.S.  aircraft  carriers  and  is  now  used  as  part  of 
the  U.S.  Navy’s  Tactical  Environmental  Support 
System  (TESS)  (Sheridan  et  al.,  1996). 

The  above  evaporation  ducting  findings  could  not  have 
been  obtained  without  the  cooperative  effort  with 
leading  experts  in  the  field  and  access  to  locations  in 
other  nations.  Today’s  propagation  assessment 
capability  available  to  the  U.S.  fleet  owes  much  to 
highly  successful  cooperative  efforts  performed  under 
NATO  auspices. 

PROPAGATION  ASSESSMENT  IN  COASTAL 
ENVIRONMENTS 

The  shifting  military  emphasis  from  global  to  regional 
conflicts  and  the  experience  that  the  latter  often 
involve  coastal  areas,  prompted  an  intensified  research 
effort  into  often  highly  variable  coastal  EM  and  EO 
propagation  conditions.  The  Navy’s  Office  of  Naval 
Research  has  supported  a  program  aimed  at 
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understanding  and  predicting  microwave,  millimeter, 
and  electrooptical  propagation  in  coastal 
environments. 


Figure  7.  Propagation  paths  during  VOCAR 

The  first  measurement  program  was  the  Variability  of 
Coastal  Atmospheric  Refractivity  (VOCAR)  conducted 
in  1993  in  the  southern  California  off-shore  region 
(Paulus,  1995).  Participants  included  the  Naval 
Command,  Control  and  Ocean  Surveillance  Center, 


the  Naval  Air  Warfare  Center,  the  Naval  Research 
Laboratory,  the  Naval  Postgraduate  School,  the 
Enviroiunental  Technology  Laboratory  of  the  National 
Oceanic  and  Atmospheric  Administration,  and  the 
Pennsylvania  State  University.  One  of  the  objectives 
of  VOCAR  was  to  provide  long-term  radio 
propagation  data  in  conjunction  with  meteorological 
measurements  for  the  development  and  validation  of 
mesoscale  models  capable  of  predicting  vertical 
refractivity  structure.  Another  objective  was  to  use 
reception  of  radio  signals  from  known  emitters  to  infer 
refractivity.  A  third  objective  was  the  development 
and  use  of  satellite  and  ground-based  remote  sensors 
for  either  measuring  or  inferring  refractivity 
conditions.  Figure  7  shows  the  geometry  for  two 
propagation  paths  in  the  southern  California  bight. 
Signals  were  radiated  from  the  northern  tip  of  San 
Clemente  Island  and  received  simultaneously  in  Point 
Mugu  (path  A)  and  in  San  Diego  (path  B).  Paths  A 
and  B  are  nearly  identical  in  length  but  traverse 
different  areas  in  the  southern  California  bight  where 
complex  mesoscale  circulations  (such  as  the  Catalina 
eddy)  and  an  irregular  coast  line  with  varying 
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Figure  8.  Long-term  props^ation  measurements  during  VOCAR. 
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topography  might  cause  horizontally  inhomogeneous 
refractivity  fields.  Figure  8  shows  a  99-day  time  series 
of  signal  strength  (expressed  here  as  propagation 
factor)  for  a  frequency  of  262.85  MHz  for  the  two 
paths  (Rogers,  1995).  In  the  absence  of  any  ducting,  a 
propagation  factor  of  -49  dB  would  be  expected  and  in 
free  space,  it  would  be  0  dB.  Over  the  time  period 


SCI  to  Point  Mvgn  Path  (PathA),  262.85  MHz 
August  23»  1993  to  September  3, 1993 


Figure  9.  Propagation  estimates. 

displayed,  the  signals  vary  between  those  limits 
(spanning  five  orders  of  magnitude)  illustrating 
significant  ducting  enhancements  most  of  the  time. 
The  signals  for  the  two  different  propagation  paths 
follow  the  same  trend  even  though  there  are 
instantaneous  differences.  Following  the  same  trend 
indicates  sufficient  horizontal  extent  of  gross 
refractivity  structures  giving  confidence  to  the 
expectation  that  high-resolution  mesoscale  models 
eventually  will  be  able  to  describe  the  refractive 
environment  for  propagation  assessment  purposes 
(Hodur,  1996).  A  subset  of  the  data  shown  in  figure  8 
was  used  for  statistical  analyses  and  to  provide 
quantitative  answers  to  where  and  how  often  the 
environment  should  be  sampled.  In  figure  9,  the  root 
mean  square  (rms)  error  is  plotted  as  a  function  of  lag 
time  (Rogers,  1995).  The  solid  curve  is  the  rms  error 
based  on  the  actual  measurement  over  this  path.  At 
time  zero,  there  is,  of  course,  no  error.  One  would 
expect  the  same  zero  error  result  at  time  zero  if  the 
refiractivity  field  along  path  A  were  known  precisely 
and  a  perfect  propagation  model  applied.  If  the  path 
loss  value  measured  (or  calculated  based  on  perfect 
information)  at  time  zero  is  used  to  estimate  future 
path  loss  values,  the  error  increases  to  approximately  6 
dB  within  30  minutes  and  to  10  dB  in  the  next  12 
hours.  This  information  may  be  used  to  specify  the 
firequency  for  updating  environmental  measurements. 
The  other  two  curves  in  figure  9  show  the  rms  error  if 


either  the  path  loss  measured  over  the  other  path  (B)  is 
used  to  estimate  path  loss  values  for  path  A  or  if 
radiosonde-inferred  refractivity  profiles  at  San 
Clemente  Island  (SCI)  in  conjunction  with  the  Radio 
Physical  Optics  (RPO)  model  (Hitney,  1992)  are  used 
to  calculate  path  loss  for  path  A.  All  three  curves 
converge  to  the  same  range  of  rms  errors  which  is  a 
good  indication  of  the  prediction  accuracy  that  is 
feasible  for  the  conditions  and  geometries  involved. 

Under  the  objective  of  VOCAR  to  investigate  the 
feasibility  of  using  received  signal  levels  either  by 
themselves  or  in  conjunction  with  other  techitiques  for 
inferring  refractivity  conditions,  Rogers  et  al.  (1996) 
demonstrated  a  simple  bias-correction  method  for 
fusing  radio  reception  data  with  mesoscale  models.  In 
the  refiractivity  sensing  effort,  a  multi-wavelength 
Raman  lidar  produced  excellent  vertical  humidity 
profiles  (Philbrick  and  Blood,  1995)  and  satellite 
sensing  techniques  were  developed  for  incorporation 
into  automated  knowledge-based  predictive  and 
assessment  systems  (Helvey  et  al.,  1995). 

The  second  measurement  program  specifically 
designed  for  coastal  environments  is  called  EO 
Propagation  Assessment  in  Coastal  Enviroiunents 
(EOPACE)  (Littfin  and  Jensen,  1996;  Zeisse  et  al., 
1996).  EOPACE  started  in  1996  and  has  three 
primaiy  objectives.  The  first  addresses  measurement, 
modeling,  and  prediction  of  large,  surf-generated 
aerosols  that  are  important  for  sea  skimmer  missile 
detection;  the  second  is  to  provide  comprehensive  data 
for  the  development  of  mesoscale  models  that  are 
capable  of  predicting  EO  propagation  conditions,  and 
the  third  is  to  provide  a  testbed  for  infrared 
surveillance  systems.  Participants  in  EOPACE 
include  the  Naval  Command,  Control  and  Ocean 
Surveillance  Center,  the  Naval  Air  Warfare  Center, 
the  Naval  Research  Laboratory,  the  Naval 
Postgraduate  School,  the  Pennsylvania  State 
University,  and  researchers  from  Australia,  the 
Netherlands,  and  the  United  Kingdom.  Initial  results 
include  dramatic  visualizations  of  aerosol  plume 
generation  in  the  surf  zone  and  important  effects  of 
both  large  aerosols  and  refraction  on  near-surface 
infrared  propagation. 

CONCLUSIONS 

Atmospheric  effects  assessment  for  military  operations 
is  far  too  costly  and  too  complex  to  be  carried  out  in 
isolation.  Within  the  U.S.  military  service  branches, 
DDR&E  has  a  long  and  successful  record  of 
facilitating  such  coordination.  Various  research 
organizations  within  NATO  have  provided  superb 
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opportunities  for  fhiitful  joint  research  and  possess  a 
proud  record  of  significant  accomplishments.  In 
today’s  competitive  environment,  it  is  mandatory  to 
produce  quantifiable  results  in  joint  R&D  efforts  in 
short  order.  There  are,  however,  also  long-term  pay¬ 
offs  that  may  even  be  difficult  to  trace  and  important 
intangible  benefits  like  getting  to  know  different 
research  facilities,  approaches  to  solving  problems, 
work  environments,  and  cultures.  These  aspects 
should  also  be  considered  when  plaiming  cooperative 
arrangements  rather  than  relying  solely  on  quid  pro 
quo  arguments. 

ACKNOWLEDGEMENT 

This  work  was  supported  by  the  Office  of  Naval 

Research. 

REFERENCES 

Anderson,  K.D.,  Radar  detection  of  low-altitude 
targets  in  a  maritime  environment,  NCCOSC  RDTE 
DIV  (NRaD)  TR  1630,  Vol  1  and  2, 1993 

Christophe,  F.,  N.  Douchin,  Y.  Hurtaud,  D.  Dion,  R. 
Makaruschka,  H.  Heemskerk,  and  K.D.  Anderson, 
Overview  of  NATO/AC243/Panel  3  activities 
concerning  radiowave  propagation  in  coastal 
environments,  AGARD  CP  567,  pp.  27.1-27.9,  1995 

Fairall,  C.,  E.F.  Bradley,  D.P.  Rogers,  J.B.  Edson,  and 
G.S.  Young,  Bulk  parameterization  of  air-sea  fluxes 
for  Tropical  Ocean-Global  Atmosphere  Coupled- 
Ocean  Atmosphere  Response  Experiment,  J.  Geoph. 
Res.,  101  (C2),  pp.  3747-3764, 1996 

Gathman,  S.G.,  Optical  Properties  of  the  marine 
aerosol  as  predicted  by  the  Navy  aerosol  model.  Opt. 
Eng.,  Vol  22  (1),  pp.  57-62,  1983 

Gathman,  S.G.,  G.  de  Leeuw,  and  K.L.  Davidson,  The 
Naval  Oceanic  Vertical  Aerosol  Model:  Progress 
Report,  AGARD  CP  454,  pp.  17.1-17.11, 1990 

Gathman,  S.G.,  MAPTIP  observations  of  large  aerosol 
in  the  lowest  10  m  above  waves,  SPIE  Proc.,  Vol. 
2828,  pp.  15-23,  1996 

Helvey,  R.,  J.  Rosenthal,  L.  Eddington,  P.  Greiman, 
and  C.  Fisk,  Use  of  satellite  imagery  and  other 
indicators  to  assess  variability  and  climatology  of 
oceanic  elevated  ducts,  AGARD  CP  567,  pp.  33.1- 
33.14, 1995 


Hitney,  H.V.,  Hybrid  ray  optics  and  parabolic  equation 
methods  for  radar  propagation  modeling.  Radar  92, 
lEE  Conf.  Pub.  365,  pp.  58-61,  1992 

Hitney,  H.V.  and  J.H.  Richter,  The  Integrated 
Refractive  Effects  Prediction  System  (IREPS),  Naval 
Engineers  Journal,  Vol.  88,  No.  2,  pp.  257-262, 1976 

Hodur,  R.M.,  Forecast  capability  of  the  Coupled 
Ocean/Atmosphere  Mesoscale  Prediction  System 
(COAMPS)  in  the  Arabian  Gulf  and  the  Gulf  of 
Oman,  Proc.  Battlespace  Atmosph.  Conf.,  3-5  Dec. 
1996,  NRaD  TD  2938,  1996 

Jensen,  D.R.,  G.  de  Leeuw,  and  A.M.  J.  van  Eijk,  Work 
plan  for  the  Marine  Aerosol  Properties  and  Thermal 
Imager  Performance  (MAPTIP),  NCCOSC  RDTE 
DIV  (NRaD)  TD  2573,  1993 

Jeske,  H,  Die  Ausbreitung  elektromagnetischer 
Wellen  im  cm-  bis  m  -  Band  iXber  dem  Meer  unter 
besonderer  Berucksichtigung  der  meteorologischen 
Bedingungen  in  der  maritimen  Grenzschicht, 
Hambinger  Geophysikalische  Einzelschriften,  Heft  6, 
Cram,  de  Gniyter  u.  Co.,  Hamburg,  1965 

Jeske,  H,  The  state  of  radar-range  prediction  over  sea, 
AGARD  CP  70,  paper  50,  1971 

Jeske,  H.,  Final  Report  to  DRG  Panel  on  Physics  and 
Electronics,  NATO  AC/243,  Panel  III/RSG  6,  Dec. 
1977 

Kneizys,  F.X.,  E.P.  Shettle,  W.O.  GaUery,  J.H. 
Chetwynd,  Jr.,  L.W.  Abreu,  J.E.A.  Selby,  S.A. 
Clough,  and  R.W.  Fenn,  Atmospheric  Transmittance/ 
Radiance:  Computer  Code  LOWTRAN  6,  AFGL-TR- 
83-0187  environmental  research  papers,  #846,  1983 

Littfin,  K.M.  and  D.R.  Jensen,  An  overview  of 
EOPACE  (Electrooptical  Propagation  Assessment  in 
Coastal  Environments),  including  in-situ  and  remote 
sensing  techniques,  AGARD  CP  582,  pp.  10.1-10.8, 
1996 

Liu,  W.T.,  K.B.  Katsaros,  and  J.A.  Businger,  Bulk 
parameterization  of  air-sea  exchanges  of  heat  and 
water  vapor  including  the  molecular  constraints  at  the 
interface,  J.  Atmos.  Sci,  36,  pp.  1722-1735,  1979 

Paulus,  R.A.,  Practical  application  of  an  evaporation 
duct  model.  Radio  Sci.,  Vol.  20,  No.  4,  pp.  887-896, 
1985 


11 


Paulus,  R.A.,  An  overview  of  an  intensive  observation 
period  on  variability  of  coastal  atmospheric 
reffactivity,  AGARD  CP  567,  pp.  30.1-30.6, 1995 

Perry,  W.J.,  DoD  Plan  for  Atmospheric  Transmission 
Research  and  Development,  DDR&E  memorandum  of 
16  March  1978 

Philbrick,  C.R  and  D.W.  Blood,  Lidar  measurements 
of  refractive  propagation  effects,  AGARD  CP  567,  pp. 

3.1- 3.13, 1995 

Richter,  J.H.  and  H.V.  Hitney,  Antenna  heights  for  the 
optimum  utilization  of  the  oceanic  evaporation  duct. 
Part  III;  Results  from  the  Mediterranean 
Measurements,  Naval  Ocean  Systems  Center  TD  1209, 
Vol  2, 1988 

Rogers,  L.T.,  Effects  of  spatial  and  temporal 
variability  of  atmospheric  refractivity  on  the  accuracy 
of  propagation  assessments,  AGARD  CP  567,  pp. 

31.1- 31.9, 1995 

Rogers,  L.T.  and  R.A.  Paulus,  Measured  performance 
of  evaporation  duct  models,  Proc.  Battlespace 
Atmosph.  Conf.,  3-5  Dec.  1996,  NRaD  TD  2938,  1996 

Rogers,  L.T.,  R.A.  Paulus,  and  J.  Cook,  Fusing  data 
from  the  mesoscale  model  and  radio  remote  sensing, 
Proc.  Battlespace  Atmosph.  Conf.,  3-5  Dec.  1996, 
NRaD  TD  2938,  1996 

Sheridan,  T.F.,  C.R.  Miller  HI,  and  E.J.  Harrison,  The 
U.S.  Navy  METOC  systems  program,  Proc. 
Battlespace  Atmosph.  Conf,  3-5  Dec.  1996,  NRaD  TD 
2938, 1996 

Wells,  W.C.,  G.  Gal,  and  M.W.  Murm,  Aerosol 
distributions  in  maritime  air  and  predicted  scattering 
coefficients  in  the  infrared,  Appl.  Optics,  16,  pp.  654- 
659,  1977 

Zeisse,  C.R.,  D.R.  Jensen,  and  K.M.  Littfin,  EOPACE 
(Electrooptical  Propagation  Assessment  in  Coastal 
Enviromnents)  Overview  and  initial  accomplishments, 
Proc.  Battleqjace  Atmosph.  Conf,  3-5  Dec.  1996, 
NRaD  TD  2938,  1996 


12 


The  U.  S.  Navy  Meteorological  and  Oceanographic  Systems  Program 

Commander  Timothy  F.  Sheridan,  USN,  SPAWARSYSCOM, 

Charles  R.  Miller  in  and  Edward  J.  Harrison,  Jr.,  Computer  Sciences  Corporation 

INTRODUCTION 

The  Oceanographer  of  the  Navy  is  responsible  to  the  Chief  of  Naval  Operations  for 
managing  the  Navy's  Meteorology  and  Oceanography  (METOC)  programs.  Under  the  policy 
guidance  and  resource  sponsorship  of  the  Oceanographer,  the  METOC  Systems  Program  Office 
(PMW  185)  of  the  Space  and  Naval  Warfare  Systems  Command  (SPAWAR),  oversees  the 
development,  acquisition  and  life  cycle  support  of  all  METOC  systems  and  associated 
applications  software,  and  also  serves  as  his  METOC  systems  architect.  The  METOC  systems 
under  the  purview  of  PMW  185  directly  support  the  Commander,  Naval  METOC  Command 
concept  of  operations.  This  paper  will  examine  how  METOC  support  is  developed  and  managed 
within  the  Navy,  describe  the  major  METOC  systems  that  are  in  development  and/or 
procurement  and  the  associated  RDT&E  that  supports  them. 

All  through  the  cold  war  and  into  the  early  1990s,  the  U.  S.  Navy  focused  on  operations 
in  the  “blue  waters”  of  the  world  -  that  is  in  the  open  oceans  -  against  a  strategic  threat  posed  by  a 
bloc  of  communist  nations  led  by  the  Soviet  Union.  For  the  Navy,  countering  the  particular 
threat  represented  by  the  Soviet  nuclear  powered  ballistic  missile  submarines  was  foremost. 

With  the  demise  of  the  political  regime  in  Eastern  Europe,  the  Navy  shifted  its  focus  towards  the 
littoral  and  hinterland  regions  of  the  world,  where  the  threat  evolved  into  one  of  a  major  regional 
conflict  or  smaller  scale  “brushfires”  -  scenarios  involving  one  or  more  third  world  countries. 

The  challenge  for  the  METOC  community,  given  this  new  Navy  focus,  is  incalculably  more 
complex.  Figure  1  provides  a  comparison  between  the  deep  ocean  where,  in  the  past,  acoustics 
was  the  principal  concern,  and  the  coastal  regime  which  is  complicated  by  many  interactive 
factors. 


Previous  METOC  Focus  -  Blue  Water 


Current  METOC  Focus  -  LIttoral/HInterland 


Figure  1.  Side  by  side  comparison  of  METOC  features  of  “Blue  Water”  and  coastal  areas. 
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In  order  to  respond  to  the  requirements  that  this  new  focus  presents,  the  Navy  METOC 
Systems  Program  Office  has  developed  a  concept  for,  and  is  working  toward  achieving,  a 
seamless  architecture.  This  architecture,  schematically  depicted  in  Figure  2,  is  based  on 
developing  global  numerical  model  products  and  data  at  central  site  computing  facilities  and 
transmitting  them  through  the  theater  METOC  centers  to  the  Tactical  Environmental  Support 
System  (TESS)  afloat.  Finally,  individual  fleet  and  Marine  Corps  units  are  provided  highly 
specialized  METOC  information  which  assists  them  in  decision  making.  Locally  acquired  data 
can  be  infused  anywhere  along  the  process  to  add  value  to  the  final  products. 


Future  Seamless  METOC  Architecture 


TADIXS 


TCC 


Naval 
METOC 
Central  Sites 


Theater  Center 
METOC  Anchor  Desk 


TESS(3) 


NITES/JMS 


METOC  DATA 


•Large-Scale  Numerical 
Model  Products  as  Grid 
Fields  &  Boundary  Lines 
•Meteorological  Data 
•Oceanographic  Data 


'  o  o 

sl 


•Mid-Scale  Numerical 
Model  Products  as 
Grid  Fields  & 
Boundary  Lines 
•Meteorological  Data 
•Oceanographic  Data 


u  o 

si 


QCCS,  ATWCS, 
TAMPS,  JSOW, 
etc 


•METOC  Products  A  §  k^METOC  Products 
as  Grid  Fields  &  ^  Q  ^as  Overlays  &  Grid 

Boundary  Lines  g  Fields 

•Meteorological  Data  ^  •Meteorological  Data 

•Oceanographic  ^  •Oceanographic  Data 

Data 


WofidWide 

Component  Commander 

ArmyMumb&red 

B0tth 

METOC  Support 

METOC  Support 

Fie^  METOC 
SuDDort 

GroupTCOftPS/mNG 
METOC  Support 

Figure  2.  Schematic  of  Future  Seamless  METOC  Architecture. 


TESS 


The  system  that  will  serve  as  the  cornerstone  of  METOC  support  for  the  future  is  the 
TESS  (Next  Century)  -  TESS(NC).  TESS(NC)  will  be  a  computer-based,  interactive 
environmental  data  receiving,  storing,  processing  and  display  system  to  be  installed  on  major 
Navy  ships  and  shore  stations.  TESS(NC)  will  dramatically  upgrade  and  expand  current 
capabilities  and  will  be  fully  compliant  with  evolving  Joint  Command,  Control,  Communications 
and  Computers  and  Intelligence,  Surveillance  and  Reconnaissance  (C4ISR)  architectures. 
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TESS(NC)  will  feature  a  number  of  cornerstone  applications  that  will  allow  on-scene  METOC 
data  assimilation  and  analysis,  as  well  as  a  real  time  characterization  of  the  electromagnetic, 
electro-optical  and  acoustic  properties  of  the  battlespace.  TESS(NC)  will  exploit  emerging  PC 
technology  and  use  commercially  developed,  off-the-shelf  software,  wherever  possible.  Figure  3 
depicts  some  of  these  TESS(NC)  features. 


TESS(NC) 


Figure  3.  Schematic  depicting  TESS(NC)  features.  Locally  acquired  METOC  data 
is  fused  with  model  output  data  in  powerful  workstations.  User  interfaces  will  he  high  end 
PCs.  METOC  data  and  products  will  then  he  distributed  via  the  ship’s  LAN. 

As  TESS  becomes  fully  integrated  into  the  Joint  Maritime  Command  Information  System 
(JMCISyOlobal  Command  and  Control  System  (GCCS),  the  METOC  data  and  products 
provided  will  then  more  fiiUy  permit  assessments  and  predictions  of  the  effects  of  the 
environment  on  Battle  Group,  friendly,  and  enemy  units,  sensors,  weapons,  and  communications. 

SMOOS 

The  Shipboard  Meteorological  and  Oceanographic  Observing  System  (SMOOS)  is  a  suite 
of  sensors  designed  to  provide  automatic  and  continuous  readouts  of  local  air/ocean 
observations.  This  data  is  sent  directly  to  the  TESS  database.  The  suite  has  been  installed 
aboard  all  TESS-capable  ships  and  automatically  provides  METOC  data  via  digital  interfaces. 
The  baseline  consists  of  five  sensors  that  measure:  1)  air  temperature  and  dewpoint;  2)  sea 
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surface  temperature;  3)  cloud  height;  4)  atmospheric  pressure  and;  5)  visibility  and  precipitation. 
In  addition,  TESS  is  connected  to  the  shipboard  anemometer  to  provide  wind  speed  and 
direction.  A  program  to  provide  replacement  sensors  for  SMOOS  -  SMOOS(R)  will  facilitate 
the  introduction  of  new  sensors  in  an  evolutionary  manner,  as  they  become  available. 
Commercially  available,  highly  automated  sensor  packages  for  surface  combatant  ships  have 
been  extensively  tested  at  sea  aboard  the  RV  Pt.  Sur  and  the  USNS  SUMNER.  It  is  anticipated 
that  SMOOS(R)  will  be  fielded  in  the  FY98-99  timeframe. 

AN/SMQ-11 

The  AN/SMQ-1 1  is  the  environmental  satellite  receiver-recorder  for  use  aboard  selected 
Navy  ships  and  METOC  activities  ashore.  The  antenna  has  recently  been  significantly  reduced 
in  weight  and  size  by  the  Naval  Air  Warfare  Center,  Aircraft  Division,  Indianapolis.  The 
AN/SMQ-1 1  is  capable  of  receiving  data  from  the  Defense  Meteorological  Satellite  Program 
(DMSP)  satellites,  the  NOAA  TIROS-N  (High  Resolution)  satellites  and  the  geostationary 
(GOES),  METEOSAT  and  GMS  satellites  (WEFAX  only).  In  addition,  the  system  can  provide 
black  and  white  hard  copy  prints  of  the  imagery  transmitted  by  these  satellites  within  three 
minutes  of  the  conclusion  of  the  transmission.  Data  retention  on  magnetic  tape  permits 
automatic  archiving  of  14  consecutive  satellite  passes  for  subsequent  enlargement  and/or 
enhancement  without  operator  intervention.  The  AN/SMQ-1 1  digitally  interfaces  with  other 
systems  such  as  TESS.  It  is  currently  being  modified  to  copy  the  GFO  datastream  (Satellite  Data 
Record)  and  convert  it  to  an  Environmental  Data  Record  of  sea  surface  topography.  Procurement 
of  75  AN/SMQ-1 1  units  was  completed  last  year,  with  32  slated  for  ships,  and  43  for  shore 
activities.  A  significant  computer  upgrade  to  the  AN/SMQ-1 1  is  underway  whereby  the 
processing  units  within  the  two  cabinets  will  be  replaced  by  state-of-the-art  computers,  providing 
a  new  color  monitor  capability.  This  upgrade  will  allow  the  system  to  be  merged  with  TESS  and 
NITES  over  the  next  couple  of  years.  Figure  4  highlights  the  features  of  the  AN/SMQ-1 1 
hardware  upgrade. 

NITES 


The  Navy  Integrated  Tactical  Environmental  subsystem  (NITES),  being  fielded  as  a 
JMCIS  segment,  is  designed  to  meet  current  and  all  known  future  METOC  support  requirements 
of  Navy  Command  nodes  afloat  and  ashore  and  on  non-TESS  equipped  ships.  The  current 
version  includes  grid  fields  and  overlays,  maintains  a  METOC  observational  database  and 
features  limited  Integrated  Refractive  Effects  functionality  to  produce  EM  coverage  and  threat 
diagrams.  In  the  near  future,  NITES  software  will  include  additional  products  such  as  wind  and 
high  seas  warnings  and  horizontal  weather  depictions,  as  well  as  management  of  frequently 
updated  METOC  digital  data,  to  use  as  inputs  to  mission  planning  systems  and  decision  aids. 

ASOS 


The  Automated  Surface  Observing  System  (ASOS)  is  an  interagency  program  of  the 
National  Weather  Service,  Federal  Aviation  Administration  and  the  Navy.  It  consists  of  a  state- 
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of-the-art  suite  of  eight  electronic  sensors  which  are  connected  to  a  high  speed  processor.  The 
system  measures,  processes  and  creates  surface  observations  of: 

•  precipitation 

•  wind  speed  and  direction 

•  temperature  and  dew  point 

•  air  pressure 

•  visibility  (fog  and  haze) 

•  cloud  height 

Of  the  total  procurement  of  76  Navy  systems,  45  have  been  installed  and  are  operational 
at  Naval  and  Marine  Corps  facilities.  Installations  should  be  completed  by  the  end  of  FY  97. 
Figure  5  depicts  a  typical  ASOS  sensor  installation  at  an  air  station. 

AN/SMQ-1 1  Hardware  Upgrade 


Processor  Group 


Console  Group 


SMQ  Receiver 


SMQ  Antenna  Control 


ACM  Keybd/Trackbal 


£3  =  New  Additions 


TACM  Power  Distribution 


Maintains  current 
cabinets  so  no 
Shipait  necessary 


Figure  4.  AN/SMQ-11  hardware  upgrade,  featuring  the  TAC4  and  laser  printer  additions 


NEXRAD  PUPs 


The  joint  inter-agency  Next  Generation  Weather  Radar  program  is  fielding  systems  that 
exploit  Doppler  radar  technology  for  continuous  wide  area  surveillance  of  potentially  hazardous 
weather  conditions.  Navy  and  Marine  Corps  forecasters  on  watch  at  some  44  air  facilities  within 
the  United  States  are  now  able  to  select  products  for  display  and  printing  on  their  principal  user 
processors  (PUP).  Installation  of  the  last  few  systems  was  completed  last  year.  These  products, 
along  with  data  derived  from  local  meteorological  sensors  and  communications  links,  enable 
forecasters  to  prepare  and  disseminate  more  accurate  and  timely  local  weather  forecasts  and 
warnings,  especially  those  where  potentially  hazardous  weather  is  involved.  Figure  6  depicts  a 
NEXRAD  radar  tower  and  a  typical  PUP  installation. 


Figure  5.  Typical  ASOS  instaUation  at  a  Naval  Air  Station  in  CONUS.  A  total  of  75  units 
are  to  be  procured  by  the  Navy. 

Supplemental  Weather  Radar 

As  discussed  above,  NEXRAD  PUPs  have  been  procured  to  meet  Navy  needs  for 
improved  detection  and  surveillance  of  hazardous  weather.  However,  a  number  of  Navy  and 
Marine  Corps  Air  Stations  lie  outside  the  NEXRAD  network.  These  activities  currently  have 
either  inadequate  radar  surveillance  capabilities  or  none  at  all.  However,  commercially  available 
weather  radars  could  provide  sufficient  coverage  for  these  activities.  Based  on  this  need,  an 
Operational  Requirements  Document  for  procurement  of  the  Supplemental  Weather  Radar  was 
approved  in  April  and  the  Request  for  Proposals  was  released  earlier  this  summer.  Contract 
award  is  expected  to  be  made  by  the  end  of  this  fiscal  year  with  deliveries  commencing  shortly 
thereafter.  The  first  two  systems  will  be  installed  at  NAS  Fallon,  NV  and  Guantanamo  Bay, 
Cuba  in  the  March  1997  time  frame,  for  design  test  and  evaluation.  The  remainder  of  the 


systems  will  be  installed  at  NAVSTA  Rota,  NAVSTA  Diego  Garcia,  NAS  Souda  Bay,  NAS 
Sigonella,  NAVBASE  Yokosuka,  MCAS  Iwakuni  and  NTTU  Keesler  AFB  by  June  1998. 


Figure  6.  NEXRAD  Principal  User  Process  on  left  and  antenna  installation  on  right.  The 
Navy  has  completed  installation  of  the  PUPs  it  has  procured. 

METMF  Replacement 

The  Meteorological  Mobile  Facility  Replacement  program  will  provide  a  full  range  of 
weather  support  for  Marine  Air  Ground  Task  Force  (MAGTF)  Expeditionary  Operations. 
Government  and  commercial  off-the-shelf  (GOTS/COTS)  technology  enhancements  are 
expected  to  allow  miniaturization  of  all  components  into  a  single  van  versus  the  four  vans  that 
are  now  required  for  METMF.  It  will  be  deployable  worldwide  via  C-130  sized  airlift.  The 
current  schedule  calls  for  14  fully  capable  vans  to  be  delivered  beginning  in  FY  97.  A  fully 
integrated  system,  METMF(R)  will  consist  of  a  TAC4  version  of  TESS  (described  in  an  earlier 
section);  communication  equipment  for  HF,  VHF,  UHF  (line-of-sight),  UHF/SATCOM 
communications,  as  well  as  SHF  connectivity  to  a  supporting  communication  unit;  an  AN/TMQ- 
43  satellite  receiver,  also  known  as  the  U.S.  Air  Force’s  Small  Tactical  Terminal  (STT);  an 
AN/UMQ-12;  one  local  and  two  remote  sensor  systems;  Supplemental  Weather  Radar;  and  two 
MOSS  (3)  units,  all  housed  within  an  environmentally  controlled  single  shelter.  Figure  7  is  an 
artist’s  conception  of  METMF  Replacement. 

Initial  Operating  Capability  is  planned  for  the  first  quarter  of  FY  97  with  the  fielding  of  a 
single  shelter  equipped  with  each  of  the  subsystems  operating  in  stand-alone  mode,  and  a  TESS 
Remote  Workstation  (TRWS)  for  MAGTF  C^I/GCCS  connectivity.  Phase  2  of  development  will 
leverage  fielding  of  the  TAC4-based  TESS,  beginning  in  the  first  quarter  of  FY  98,  and  serve  as 
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the  data  fusion  center  for  the  METMF(R) .  Full  Operational  Capability  is  planned  for  FY  01 
with  the  fielding  of  the  last  two  of  14  shelters. 


Figure  7.  Artist’s  conception  of  the  typical  USMC  METMF  Replacement  layout. 


MRS 

The  AN/UMQ-12,  Mini-Rawin  System  employs  100  gram  balloons  to  launch  radiosondes 
which  provide  atmospheric  elements  such  as  temperature,  dewpoint,  pressure  and  winds  to  the 
receiver  which  automatically  analyzes  and  codes  the  atmospheric  data.  These  units  represent  one 
of  the  first  efforts  by  the  Navy  to  procure  a  system  from  commercially  off-the-shelf  hardware. 
MRS  units  have  been  successfully  deployed  aboard  ship  and  at  shore  activities  worldwide  for 
over  10  years  and  have  proven  to  be  very  accurate,  reliable  and  cost  effective.  In  1995,  PMW 
185  procured  two  MRS  systems  with  GPS  capability  for  testing.  The  GPS  capable  sondes  will 
provide  more  accurate  data.  Testing,  which  began  in  December  1995,  continues  aboard  ship,  but 
has  been  completed  at  shore  sites.  Preliminary  results  are  promising,  and  it  is  anticipated  that  a 
contract  will  have  been  awarded  by  the  time  this  article  is  published  for  procurement  of  128 
MRS  conversion  kits  to  be  installed  at  all  activities  that  have  GPS  capabiUty.  It  is  foreseen  that 
these  installations  will  be  completed  by  October  1997. 

GFO 


Between  1985  and  1990,  the  Navy  GEOSAT  Mission  demonstrated  the  capability  of  a 
satellite  radar  altimeter  to  provide  global  measurements  of  the  absolute  dynamic  topography  of 
mesoscale  ocean  features  (fronts,  eddies,  and  ice  edge)  to  high  precision.  The  GEOSAT  Follow- 
on  (GFO)  program  is  designed  to  apply  this  experience  to  the  benefit  of  the  Navy  until  an 
operational  altimeter  is  flown  on  NPOESS.  Now  scheduled  for  launch  in  1997,  GFO  will 
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provide  and  maintain  an  operational  source  of  altimetry  data  with  high  measurement  precision 
and  downlink  data  directly  to  the  AN/SMQ-1 1  receiver/recorders  aboard  many  Navy  ships  and 
CNMOC  shore  activities.  Algorithms  are  being  developed  for  use  by  the  Altimetry  Data  Fusion 
Center  in  NAVOCEANO  at  the  Stennis  Space  Center,  MS  and  TESS/AN/SMQ-1 1  equipped 
ships  to  process  the  data  to  derive  oceanographic  features,  such  as  currents,  warm  and  cold 
eddies  and  sea  heights. 


Figure  8.  Artist’s  conception  of  the  GFO  spacecraft  general  layout 
DMSP 


The  Defense  Meteorological  Satellite  Program  (DMSP)  helps  ensure  that  Navy-unique 
sensor  requirements  are  addressed  both  within  DMSP  and  the  National  Polar-orbiting 
Operational  Environmental  Satellite  System  (NPOESS)  program  which  have  been  presidentially 
directed  to  consolidate.  At  this  point,  new  spacecraft  is  planned  to  be  launched  in  2006. 
Developments  within  the  current  program  include  the  calibration  and  validation  of  each  Special 
Sensor  Microwave  Imager  (SSM/I)  that  has  been  launched.  Potential  new  sensors  will  likely 
include  a  new  microwave  imager,  radar  altimeter  and  scatterometer. 

Precise  Timing  and  Astrometry 

The  DoD  assigns  the  Navy  responsibility  for  coordinating  precise  time  and  time  interval 
(PTTI)  requirements  and  maintaining  a  PTTI  reference  standard.  This  responsibility  is  carried 
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out  at  the  U.  S.  Naval  Observatory  in  Washington,  DC,  where  the  master  clock  for  the  United 
States  is  maintained.  In  this  thrust  area,  dem/val  of  new  techniques  for  increasing  master  clock 
reliability  and  stability;  improved  time  transfer  by  exploitation  of  satellites,  fiber  optics,  etc.; 
upgraded  earth  orientation  determination  using  GPS;  new  EO/IR  telescope  technology  for 
improved  reference  frame  determination  and  use  of  interferometry  for  precise  astrometric 
positions  are  performed. 

Atmospheric/Oceanographic  Research  Programs 

PMW  185  oversees  an  expansive  METOC  R&D  program  that  includes  modeling,  tactical 
systems  development,  satellite  applications,  and  tactical  decision  aids.  The  Program  Office  also 
manages  the  Navy’s  METOC  Satellite  Programs  under  the  resource  sponsorship  of  the  Director, 
Space  and  Electronic  Warfare.  In  the  area  of  METOC  modeling,  the  Navy  Operational  Global 
Atmospheric  Prediction  System  (NOGAPS)  has  been  delivered  and  is  operational  at  the  Fleet 
METOC  Numerical  Center  in  Monterey,  CA.  In  addition,  the  relocatable  high  resolution  Navy 
Operational  Regional  Atmospheric  Prediction  System  (NORAPS)  is  being  developed  to  provide 
more  accurate  predictions  over  limited  areas.  The  Coupled  Ocean/Atmospheric  Mesoscale 
Prediction  System  (COAMPS)  and  a  family  of  thermodynamic  ocean  circulation  models,  as  well 
as  data  assimilation  and  quality  control  efforts  are  also  currently  under  development. 

Within  the  area  of  tactical  systems  development,  demonstration,  validation  and 
engineering  of  METOC  sensors  (e.g.,  SMOOS  Replacement),  conununication  interfaces  and 
processing  and  display  equipment  such  as  the  AN/SMQ-11  are  being  performed  along  with 
TESS  hardware  and  software  engineering.  Important  thrust  areas  in  the  satellite  applications 
arena  are  tropical  cyclone  position  and  intensity  algorithms  and  automated  image  analysis 
techniques.  Other  focuses  include  GFO  processing  and  development  of  littoral  zone  analysis 
capabilities,  as  well  as  SAR  exploitation  within  littoral  regions.  A  family  of  tactical  decision 
aids  that  capitalize  on  all  of  the  above  include  EM/EO  and  Chem/Bio  models,  relocatable  tide 
and  surf  models  and  a  stand-alone  tactical  atmospheric  and  oceanographic  forecasting  capability. 
These  latter  efforts  will  eventually  enable  the  organic  METOC  teams  to  develop  their  own 
limited  forecasts  even  in  the  absence  of  data  and  products  from  the  central  computing  sites. 

SUMMARY 

The  METOC  Systems  Program  Office,  PMW  185,  has  responsibility  for  a  wide  variety  of 
both  operational  and  developmental  efforts.  Each  of  these  has  been  conceived,  developed  and 
fielded  with  the  intent  of  providing  the  METOC  community  with  up-to-date  tools  of  the  trade  so 
that  they  in  turn  may  provide  the  best  support  possible  to  the  tactical  commanders  afloat.  Among 
other  things,  this  requires  close  monitoring  and  testing  of  new  technologies  that  might  be 
exploited  to  improve  existing  capabilities.  In  this  era  of  shrinking  fiscal  and  persoimel  resources, 
the  program  office  is  also  committed  to  seeking  the  most  cost  effective  ways  to  deliver  the  best 
METOC  products  and  data  available. 
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ABSTRACT 

The  Military  Committee  Meteorological  Group  (MCMG)  is  responsible  for  advising  the  North 
Atlantic  Treaty  Organisation  (NATO)  Military  Committee  (MC)  on  meteorological  matters 
affecting  NATO.  It  also  acts  as  the  co-ordinating  agency  of  the  MC  for  all  meteorological 
policies,  procedures  and  techniques  within  NATO.  The  MCMG  is  supported  by  two  working 
groups:  WG-OPC  (Operations,  Plans  and  Communications)  and  WG-BMSS  (Battle-area 
Meteorological  Systems  and  Support).  The  mission  of  the  WG-BMSS  is  to  support  the  MCMG 
in  carrying  out  its  functions  of  encouraging  co-operative  effort  and  interoperability  in  the  area  of 
meteorological  research,  development,  and  transition  of  new  equipment,  techniques  and  software 
to  operational  capability  in  the  field  of  maritime  operations,  air  operations  and  specifically  land 
operations. 

In  particular  the  WG-BMSS  has  a  programme  of  work  on  the  development,  exchange  and 
interoperability  of  land,  air  and  maritime  Tactical  Decision  Aids  (TDAs)  having  battle-area 
environmental  and/or  meteorological  parameters  as  an  input.  This  includes  TDAs  for  a  wide 
range  of  applications  including  acoustic  propagation,  atmospheric  dispersion,  electro-optical  and 
electromagnetic  systems,  icing  (airframes,  runways  and  ships)  predictions,  trafficability  and 
topographic/geographical  analyses.  This  paper  outlines  the  background  to  this  work  programme, 
which  has  the  objective  of  producing  a  fully  documented  NATO  library  of  meteorological  TDAs, 
and  discusses  some  of  those  TDAs  that  have  been  offered  by  individual  nations  together  with 
verification  and  validation  results  where  available. 


1.  BACKGROUND 

The  Military  Committee  Meteorological  Group  (MCMG)  advises  the  North  Atlantic  Treaty 
Organisation  (NATO)  Military  Committee  (MC)  on  meteorological  matters  affecting  NATO.  It 
also  acts  as  the  co-ordinating  agency  of  the  MC  for  all  meteorological  policies,  procedures  and 
techniques  within  NATO.  The  history  of  the  MCMG  dates  back  to  1950  when  it  first  met  as  the 
Standing  Group  Ad  Hoc  Meteorological  Information  Committee.  Almost  immediately  it  became 
the  Standing  Group  Meteorological  Committee  (SGMC).  In  1968  the  group  became  known  as 
the  MCMG  and  since  1954  it  has  been  supported  by  one  or  more  working  groups.  Currently  the 
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MCMG  is  supported  by  two  working  groups:  WG-OPC  (Operations,  Plans  and 
Communications)  and  WG-BMSS  (Battle-area  Meteorological  Systems  and  Support). 

The  mission  of  the  WG-OPC  is  to  support  the  MCMG  by  identifying  and  correcting  deficiencies 
in  NATO’s  operational  meteorological  organisation,  plans  and  communications.  WG-OPC  is 
responsible  for  maintaining  the  AWP  (Allied  Weather  Publication)  series  of  documents.  These 
are  AWP- 1(B)  the  NATO  Maritime  Meteorological  Procedures  and  Services  Manual,  AWP-2  the 
NATO  Meteorological  Support  Manual,  AWP-3(A)  the  NATO  Meteorological  Communications 
Manual  and  AWP-4  the  NATO  Meteorological  Codes  Manual.  In  particular  AWP-2  describes 
the  level  of  meteorological  support  required  for  NATO  maritime,  air  and  land  operations.  This 
includes  providing  basic  meteorological  data  and  forecasts,  together  with  more  specialised 
products  for  mission-specific  and  tactical  planning.  For  the  latter,  basic  weather  forecasts  are  not 
sufficient  and  more  detailed  predictions  prepared  using  Tactical  Decision  Aids  (TDAs)  are 
needed.  These  incorporate  weather  and  environmental  information,  together  with  information  on 
the  mission  and  the  equipment  being  used  (e.g.  platforms  and  sensors).  Thus  TDAs  are  tools  that 
allow  the  meteorologist,  or  the  operator,  to  predict  the  effect  that  meteorological  and 
environmental  conditions  have  on  military  systems  and  equipment,  and  the  impact  that  this  might 
have  on  a  specific  operation. 

The  mission  of  the  WG-BMSS  is  to  support  the  MCMG  by  encouraging  co-operative  effort  and 
interoperability  in  the  area  of  meteorological  research  and  development.  The  working  group 
follows  the  transition  of  equipment,  techniques  and  software  from  the  developmental  stage  to 
operational  status  within  the  military  meteorological  community.  An  important  aspect  of  this  task 
is  in  encouraging  the  development,  exchange  and  interoperability  of  TDAs  for  land,  air  and 
maritime  applications.  This  work  started  a  number  of  years  ago  when  the  group  existed  as 
ISWG.3  (Independent  Special  Working  Group  No.  3  on  Meteorology)  within  the  NAAG  (NATO 
Army  Armaments  Group).  As  ISWG.3  under  the  NAAG  the  focus  of  the  group  was  on  the 
development  of  TDAs  specifically  for  supporting  Army  operations.  This  effort  was  in  addition  to 
the  groups  responsibility  in  artillery  meteorology,  maintaining  a  series  of  artillery  meteorology 
STAN  AGS,  and  providing  support  to  other  NAAG  Panels.  With  the  transfer  of  the  group  in 
1995,  from  the  NAAG  to  the  MCMG,  there  is  now  an  increased  emphasis  towards  the  work  on 
meteorological  TDAs,  and  the  scope  of  this  work  has  been  extended  to  cover  TDAs  for  air  and 
maritime  applications. 

Over  the  years  a  significant  number  of  TDAs  have  been  developed  by  different  nations  within 
NATO  and  there  is  a  growing  need  to  harmonise,  or  standardise,  on  the  TDAs  or  the  models 
being  used.  This  is  likely  to  be  particularly  important  in  the  context  of  multi-national  operations, 
where  the  provision  of  consistent  tactical  advice  is  essential.  Furthermore,  the  various  models 
used  to  support  air,  land  and  maritime  operations  should  produce  consistent  results.  The 
objective  of  the  WG-BMSS  work  is  to  develop  a  fully  documented  NATO  library  of 
meteorological  TDAs  which  can  then  be  made  available  for  use  by  all  NATO  nations.  It  is 
envisaged  that  this  will  comprise  a  library  of  ready-to-use  (i.e.  executable)  TDAs  suitable  for  use 
on  a  standard  PC  or  low-end  workstation.  In  addition  to  this,  it  is  also  hoped  to  provide  a  library 
of  TDA/TDA  sub-model  source  codes  so  that  individual  nations,  if  they  prefer,  can  build  their 
own  TDA  packages,  but  still  maintain  consistency.  It  is  planned  that  this  library  of  TDAs/TDA 
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sub-models  will  be  documented  by  a  new  AWP  manual  (AWP-5).  Through  this  work  on  TDAs, 
the  WG-BMSS  is  promoting  interoperability  and,  by  the  collective  nature  of  the  work,  assisting 
the  different  nations  in  improving  their  meteorological  support  capabilities;  thus  helping  to  offset 
the  effects  of  budget  cuts,  to  which  no  nation  is  immune.  The  first  stage  of  this  work  is  to 
develop  a  catalogue  of  TDAs  as  described  below. 


2.  CATALOGUE  OF  TDAs  AND  SUPPLEMENTARY  INFORMATION 

The  group  is  currently  in  the  process  of  developing  an  inventory  of  TDAs  comprising  several 
matrices;  the  first  part  is  a  summary  matrix  simply  listing  TDAs  by  name  and  application  for  each 
nation.  Table  1  shows  a  subset  of  some  of  the  summary  information,  which  is  as  yet  incomplete. 

However,  not  all  those  TDAs  that  have  been  identified/notified  are  likely  to  be  available  for 
release  within  NATO.  This  may  be  due  to  national  interests  and/or  commercial  considerations, 
and  this  information  also  needs  to  be  compiled.  Therefore  the  second  part  of  the  inventory 
contains  further  information  regarding  the  TDA  application,  owner  (or  developer),  status  (e.g. 
under  development  or  in  operational  use)  and  its  availability  for  release.  Recently  compiled 
information  has  resulted  in  a  list  identifying  national  priorities  with  respect  to  the  importance  and 
relevance  of  each  TDA  application.  Whilst  this  list  is  not  complete,  inputs  received  so  far  suggest 
that  the  areas  of  IR  (infrared),  visible/near  IR,  electromagnetic  (RF/p-wave)  propagation, 
airframe  icing,  personnel  factors  (i.e.  heat  stress/wind  chill),  NBC/smoke  and  runway  icing  are  of 
wider  interest. 

In  addition  to  this  catalogue  of  TDAs,  various  other  supplementary  matrices  are  being  compiled 
by  WG-OPC  on  the  availability  of  weather  data  for  running  TDAs  and  on  the  weather  support 
capabilities.  The  first  of  these  identifies  the  various  types  of  weather  data  (observational  data, 
NWP  products  and  gridded  data,  satellite  data  etc.)  that  are  available  at  different  echelons 
(military  forecast  centre,  airfield,  at  sea,  mobile  met  unit  etc.).  The  second  focuses  on  the 
support  capabilities  (e  g.  processing  equipment,  communications,  personnel)  available  at  these 
echelons.  Thus,  these  two  supplementary  matrices  provide  valuable  information  on  identifying 
where,  or  how  far  down  the  echelon  structure,  the  various  TDAs  could  be  used. 

The  next  stage  in  this  work  is  to  review  the  various  TDAs,  by  application,  in  order  to  make 
recommendations  towards  a  NATO  approved  TDA  or  TDA  models.  Individual  nations  have 
accepted  the  task  of  reviewing  TDAs,  on  behalf  of  the  group,  for  different  application  areas,  as 
shown  in  Table  2.  In  this  way  the  workload  is  being  shared  amongst  the  nations. 

The  various  TDAs,  for  each  of  the  specific  applications  shown,  have  been  provided  (where 
available)  to  the  designated  nation  to  review  in  detail.  These  reviews  should  include  an 
assessment  of  the  physics  contained  in  the  models,  and  validation  and  verification  of  the  results 
where  such  data  is  available.  In  some  cases,  where  there  are  a  number  of  nations  with  expertise 
in  the  subject  it  is  expected  that  ad-hoc  working  groups  may  be  established  to  assist  the  lead 
nation  in  the  review  process  and  in  formulating  recommendations.  These  recommendations 
would  then  be  presented  to  the  WG-BMSS  to  collectively  discuss  candidate  TDAs  before  making 
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any  decisions  on  which  TDAs,  or  TDA  sub-models,  should  be  adopted.  In  some  cases  the 
preferred  approach  may  well  be  a  hybrid  of  different  TDA  sub-models  originating  from  different 
nations. 


TDAs  for 

CA 

FR 

GE 

UK 

US 

IR 

(8-12  f-im) 

NAVFLIR 

EOTDA  v2 
IRVIS 

TARGAC 
EOTDA  3.1 
EOMDA 
ACT/EOS 

IR 

(.^-5  urn) 

NAVFLIR 

EOMDA 

ACT/EOS 

Visible/Near  IR 
(.7-9  |im) 

AN  VIS 

BIVPROG 

ILLUMW 

NVG 

TARGAC 

NITELITE 

Nom 

Visible 
(.4-.7  yim) 

AN  VIS 

BIVPROG 

ffLUMW 

NVG 

TARGAC 

NITELITE 

EM  (RF/n-wave 
Propagation) 

IREPS 

TEMDA 

RADAR 

IR-RADAR 

IREPS 

EREPS 

IREPS 

EVDUCTW 

EEMS 

(TERPEM) 

IREPS 

RPOT 

EM  (HF  Propagation) 

y 

MINIFTZ 

EEMS  (JIVE) 

PROPHET 

IREPS 

Acoustic  Propagation 

y 

i 

SNDCAL 

LARKW 

APP 

Acoustic 

TDA 

NBC/Smoke 

HEARTS 

AUTAG 

BRACIS 

CHEBDA 

KWIK 

VLSTRACK 

Airframe  Icing 

Tephi 

IFW 

AffC 

POTICE 

STANDICE 

NWP 

products 

ICING 

Airfield  Runway  Icing 

RIME 

RSTW 

Ship  Icing 

Topside  Icing 
Model 

Heat  Stress/ 

Wind  Chill 

HUMID 

WINDCHILL 

HUMPARS 

MERCURY 

Trafficability 

y 

CACTUS 

SOILM 

DTSS 

Parachute  Operations 

High  Altitude 
Opening 

DZWIND 

Weather  Effects 

FOGMIN 

GUST 

JETLIGHT 

IWEDA 

TESS 

Table  1.  Allied  Tactical  Decision  Aids.  Adapted  from  the  WG-BMSS 
Inventory  of  Existing  or  Planned  TDAs.  Planned  TDAs  are  denoted  by  italics 
and  applications  where  there  is  a  national  requirement  but  no  available  TDA 
are  indicated  with  a  . 
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TDA  Application 

Lead 

Nation 

Infrared 

US 

Visible/Near  IR 

GE 

EM  (RF/p-wave)  Propagation 

UK 

Acoustic  Propagation 

US 

NBC/Smoke 

GE 

Airframe  Icing 

CA 

Wind  Chill/Heat  Stress 

NL 

Table  2.  Lead  nations  for  reviewing  different  TDA  applications. 


Where  presentational  aspects  are  concerned,  it  is  likely  that  different  nations,  or  perhaps  even 
different  services  within  a  nation,  will  wish  to  have  customised  output,  so  it  is  probably  not 
appropriate  to  standardise  on  this.  Another  factor  to  be  considered  is  that  different  nations  have 
already  invested  in  developing  certain  TDAs  and  will  not  wish  to  withdraw  these  from  use  and 
replace  them  with  another,  particularly  if  the  alternative  looks  very  different.  However,  it  may  be 
that  different  TDA  sub-models  could  be  used  if  this  is  considered  to  be  of  benefit.  Thus,  one  of 
the  aims  of  this  work  is  to  standardise  on  the  actual  models/sub-models  being  used. 


3.  REVIEW  OF  TDA  APPLICATIONS 

A  summary  of  the  current  status  and  progress  made  in  some  of  the  different  application  areas  is 
given  below,  space  precludes  a  description  of  all  the  subject  areas.  The  details  given  here  are 
largely  based  upon  the  results  of  a  recent  Technical  Review  held  at  the  German  Military 
Geophysical  Office  (GMGO)  during  May  1996  and  described  in  RECORD  MCMGAVG-BMSS- 
2*  with  an  update  following  the  recent  November  1996  WG-BMSS-3  meeting.  Those 
applications  discussed  are  introduced  in  alphabetical  order. 

3.1  Airframe  Icing 

In  certain  conditions  ice  will  form  on,  and  adhere  to,  parts  of  the  airframe  and  engine.  Whilst 
various  preventative  measures,  plus  the  performance  and  capability  of  modern  aircraft,  have 
reduced  the  frequency  of  this  hazard,  it  is  still  an  important  factor  to  be  considered  in  aircraft 
operations.  Potentially  dangerous  effects  are:  (i)  ice  may  alter  the  wing  profile,  reducing  the 
available  lift,  (ii)  engine  intakes  may  become  blocked,  causing  loss  of  power,  (iii)  the  weight  of 
ice  may  overload  the  aircraft,  and  (iv)  forward  facing  windows  may  become  opaque.  For 
helicopters  there  are  additional  risks,  (v)  uneven  ice  accretion  on  the  rotor  blades,  causing  severe 
vibration  and  (vi)  cyclic  pitch  controls  may  become  jammed,  causing  loss  of  control.  Clearly, 
icing  forecasts  are  important  to  aircraft,  particularly  helicopter,  operations  and  these  predictions 
are  usually  expressed  in  terms  of  the  intensity  of  expected  ice  accretion:  i.e.  trace,  light,  moderate 
or  severe,  and  there  are  a  variety  of  icing  forecasting  techniques  currently  used  in  the  US  and 
Europe. 
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A  recent  study  by  the  US  Air  Force  (Cornell  et  aP),  suggested  that  the  Air  Weather  Service 
(AWS)  decision-tree  method  (which  is  based  on  empirical  aircraft  icing  forecasting  rules) 
performed  best  out  of  three  (1  US  Air  Force,  2  US  Navy)  techniques  investigated  and  concluded 
that  more  rigorous  techniques,  based  on  cloud  liquid  water  content  (LWC)  and  dropsize 
distribution  were  needed  to  improve  the  quality  of  icing  forecasts.  Within  the  WG-BMSS  forum 
there  are  a  number  of  other  methods  that  have  been  discussed.  These  vary  in  sophistication  from 
a  modified  version  of  the  AWS  decision-tree  approach  as  used  by  the  NL,  and  a  similar  technique 
used  by  GE,  through  to  the  computer-based  Ice  For  Windows  (IFW)  TDA  developed  by  CA. 
The  IFW  TDA  is  based  on  a  program  to  forecast  icing  on  fixed  and  rotor  winged  aircraft 
developed  for  the  US  Army  Atmospheric  Sciences  Laboratory  in  the  late  80’ s.  Given  information 
on  cloud  layers  and  an  atmospheric  vertical  profile,  the  model  forecasts  the  severity  of  the  icing 
conditions. 

From  an  initial  comparison  of  the  NL  and  GE  decision-tree  methods  and  the  IFW  TDA  against 
some  40  reported  cases  of  icing  in  CA,  Yip'  found  that  the  NL  method  appeared  to  give  the  most 
reliable  results,  with  34  correct  predictions  of  icing  category  with  the  GE  method  being  correct 
for  27  of  the  cases.  The  lower  performance  of  the  GE  method  was  due  in  part  to  the  absence  of 
a  “100  nautical  miles  ahead  of  a  warm  front”  category  which  is  included  in  the  NL  method. 
Rather  surprisingly  the  IFW  TDA,  despite  being  more  sophisticated,  proved  to  be  less  reliable 
with  a  tendency  to  under-forecast  the  severity  of  the  icing  category.  In  the  interim  CA  have 
developed  an  automated  (windows-based)  modified  Aircraft  Icing  Flow  Chart  (AIFC)  code  that 
combines  the  strengths  of  the  NL  and  GE  methods,  and  this  has  been  made  available  to  NATO 
nations.  However,  in  the  longer  term,  it  is  considered  that  the  (updated)  Smith-Feddes  cloud 
physics  model,  which  forms  the  basis  of  the  IFW  TDA,  needs  to  be  properly  examined  as  some  of 
the  assumptions  made  may  not  be  valid  and  could  partly  explain  the  poorer  performance  of  the 
IFW  TDA.  Given  the  availability  of  an  improved  cloud  physics  model,  it  is  considered  that  the 
more  rigorous  approach  ought  to  produce  more  reliable  results. 

As  the  currently  available  validation  data  is  rather  limited,  CA  plans  to  collect  more  icing  reports 
over  the  coming  winter  to  further  assess  the  different  methods.  Given  this,  and  an  improved 
cloud  physics  model  for  the  IFW  TDA,  it  is  expected  that  it  should  be  possible  to  make  a  more 
definitive  recommendation  on  which  method  should  be  adopted  for  the  NATO  TDA  library 
during  1997.  With  a  reliable  description  of  the  cloud  environment  (i.e.  LWC,  temperature, 
dropsize  distribution)  it  is  then  possible,  using  an  ice  accretion  model,  to  predict  the  extent  of  ice 
accretion  on  aircraft  surfaces.  Such  a  model  has  been  developed  by  GMGO,  Brueggemann',  and 
it  is  intended  that  this  model  will  eventually  be  linked  to  a  cloud  physics  prediction  model  to 
provide  a  complete  system  for  determining  the  extent  of  ice  accretion  on  specific  aircraft  and 
helicopters. 

3.2  Atmospheric  Acoustic  Propagation 

The  propagation  of  sound  near  the  ground  is  a  complex  problem  involving  a  number  of  different 
mechanisms.  In  addition  to  spherical  spreading  and  atmospheric  absorption,  (which  are 
straightforward)  the  effects  of  refraction  (by  wind  and  temperature  gradients),  scattering  (by 
atmospheric  turbulence),  and  reflection  and  diffraction  from  the  surface  are  important.  There  are 
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two  main  applications  for  atmospheric  acoustic  propagation  models,  (i)  predicting  the 
performance  of  acoustic  sensor  systems  for  detecting  guns,  helicopters  and  ground  vehicles,  and 
(ii)  for  noise  assessment  and  mitigation  at  military  and  test  ranges.  Over  the  years  considerable 
effort  has  been  made  with  regard  to  the  latter  problem  and  several  nations  have  made  noise 
predictions  operationally  for  many  years.  Whilst  many  simple  acoustic  propagation  models  exist, 
these  often  fail  to  take  proper  account  of  the  meteorological  conditions  which  can  have  a 
significant  effect  on  long-range  sound  propagation,  giving  rise  to  areas  of  sound  enhancement, 
shadows  and  focusing. 


An  example  of  an  early  prediction  method,  which  includes  meteorology,  is  the  semi-empirical 
Larkhill  model  (Turton  et  aP).  This  model  has  been  used  operationally  in  the  UK  (LARKW) 
since  the  early  80’s  and  is  also  used  in  the  NL  and  GE  (SNDCAL),  where  it  has  been  assessed 
and  shown  to  give  good  results  (KieBling  and  aufm  Kampe').  However,  recently  both  the  UK 
(West  et  al'')  and  US  (Olsen  and  Noble’)  have  introduced  more  sophisticated  hybrid 
ray/parametric  models  into  use,  these  being  the  APP  (Acoustic  Prediction  Package)  and  the 
NAPS  (Noise  Assessment  and  Prediction  System)  respectively.  A  validation  of  the  APP”*  has 
shown  that  it  is  an  improvement  on  the  Larkhill  model  used  previously,  whilst  an  evaluation  of 
the  NAPS  has  been  reported  by  Okrasinski  and  Dennis®.  These  models  are  candidates  for 
adoption  as  a  NATO  library  model  for  predicting  blast  noise  from  ranges.  This  is  a  problem 
which  is  affecting  more  countries  throughout  Europe  as  noise  pollution  increasingly  becomes  a 
politically  sensitive  issue. 


Whilst  the  latest  models  (APP,  NAPS)  offer  improved  prediction  accuracy  compared  to  the  older 
methods,  they  are  still  unable  to  account  for  the  effects  of  terrain  (e.g.  water  surfaces), 
topography  (hills  and  valleys)  and  turbulence  (which  scatters  sound  energy  into  shadow  zones). 
Parabolic  Equation  (PE)  based  techniques  are  now  being  applied  and  these  are  capable  of 
representing  these  effects.  In  the  longer  term  it  is  expected  that  PE  based  models  will  replace  the 
ray  based  models  used  in  the  APP  and  NAPS.  These  effects  are  particularly  significant  when 
predicting  the  performance  of  acoustic  sensor  systems,  e  g.  sound  scattering  by  turbulence  can 
aid  sensor  systems  in  locating  targets  which  are  downwind.  Reliable  prediction  systems  for 
acoustic  sensor  systems  must  await  the  availability  of  mature,  fully  validated,  PE  models  which 
incorporate  all  of  the  factors  noted  above. 

3.3  EM  (RF/p.-wave)  Propagation 

Environmental  conditions  affect  the  propagation  of  RF  signals  in  four  different  ways:  (i) 
refraction,  (ii)  attenuation,  (iii)  ground/terrain  effects,  and  (iv)  troposcatter.  Refractive  effects 
affect  the  performance  of  radar,  giving  rise  to  extended  ranges  in  ducting  conditions  and  reduced 
ranges  in  sub-refracting  conditions  and  can  affect  the  performance  of  radars  used  for  target 
acquisition,  range-finding,  tracking  and  communications. 

Current  operational  propagation  assessment  TDAs  such  as  the  US  Navy  IREPS  (Integrated 
Refractive  Effects  Prediction  System)  are  based  on  ray  tracing.  However,  in  recent  years  there 
has  been  considerable  effort  in  developing  PE  methods  for  making  field  strength  calculations. 
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One  of  the  benefits  of  the  PE  approach  is  that  it  can  give  more  quantitative  information  on  the 
propagation,  in  particular  it  is  able  to  predict  'skip'  zones. 

In  recent  years,  the  military  emphasis  has  shifted  very  strongly  from  operations  over  the  open 
ocean  to  operating  in  coastal  waters  (the  littoral  environment)  where  the  atmospheric 
environment  is  much  more  complex  and  variable,  and  it  is  essential  that  range-dependent 
conditions  are  available  for  propagation  modelling  since  conditions  vary  significantly  along  the 
path.  Range-dependent  PE  models,  that  can  also  include  terrain,  have  been  developed  which 
enables  both  land/sea  and  coastal  applications.  However,  PE  models  are  more  computationally 
demanding  and  much  slower  to  run.  Due  to  the  computation  required  to  run  PE  models,  faster 
hybrid  models  have  been  developed  for  operational  use.  These  include  the  US  Navy  RPO  (Radio 
Physical  Optics)  model  and  the  TERPEM  (TERrain  Parabolic  Equation  Model)  developed  for  the 
RN  EEMS  (Environmental  Electromagnetic  Modelling  System)  as  noted  at  the  July  1995 
ISWG.3  meeting’.  More  recently,  the  US  Navy  have  combined  the  RPO  model  and  their  TPEM 
(Terrain  Parabolic  Equation  Model)  to  form  the  RPOT  (Radio  Propagation  Over  Terrain) 
propagation  assessment  system. 

As  noted  above,  the  emphasis  is  now  on  predicting  radar  performance  in  the  littoral  environment, 
which  demands  the  use  of  range-dependent  schemes  able  to  account  for  the  effects  of 
topography/terrain,  and  appropriate  models  (RPOT,  TERPEM)  have  been  developed  for 
operational  use  in  the  US  and  the  UK.  Whether  or  not,  these  models  can  be  made  available  to 
WG-BMSS  for  inclusion  in  a  NATO  TDA-library  has  yet  to  be  established. 

3.4  Infrared 

Atmospheric  propagation  of  infrared  radiation  is  of  importance  for  many  military  EO  systems. 
Infrared  systems  are  not  all-weather  systems  and  are  affected  by  weather  and  other  environmental 
effects.  Consequently,  a  number  of  TDAs  for  infrared  systems  have  been  developed.  The 
simplest  of  these  is  the  UK  infrared  "visibility"  calculator  (IRVIS),  although  more  sophisticated 
TDAs  have  been  developed  in  the  US  and  GE.  In  the  US  there  are  three  different  TDAs  for 
each  of  the  three  services:  the  Air  Force  EOTDA  3.1,  the  Navy  EOMDA  and  the  Army 
TARGAC  (although  all  of  these  are  derived  from  the  EOTDA).  The  TARGAC  model  has  been 
developed  to  account  for  the  effects  of  smoke  and  dust,  which  can  be  important  in  army 
operations,  whilst  the  EOMDA  has  been  modified  to  better  represent  the  maritime  environment 
for  US  Navy  use.  However,  only  an  earlier  version  of  the  US  Air  Force  EOTDA  (v2)  has 
previously  been  made  available  to  NATO  nations  and  there  is  general  consensus  that  this  version 
is  insufficiently  reliable.  However,  the  version  EOTDA  3.1  is  reported  to  be  much  improved. 
Indeed,  the  US  Air  Force  consider  that  the  basic  models  in  EOTDA  3.1  have  reached  a  plateau 
and  are  now  applying  these  models  in  the  ACT/EOS  (Air  Combat  Targeting/EO  Simulation) 
programme  for  generating  scene  visualisation  capabilities  (Alleca*). 

Similar  capabilities  have  also  been  developed  by  GMGO  in  their  NAVFLIR  TDA,  as  described  by 
vonRuesten*.  This  TDA  is  designed  to  support  the  use  of  airborne  FLIR  used  for  navigation 
rather  than  targeting  and  provides  predictions  of  temperature  contrasts  and  FLIR  “ranges”  for  a 
variety  of  natural  backgrounds,  as  well  as  some  simple  visualisation  products.  Results  from  the 
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NAVFLIR  TDA  are  currently  being  verified  by  GMGO  and  will  be  reported  on  through  WG- 
BMSS.  The  NAVFLIR  model  has  also  been  linked  directly  to  the  GMGO  BLM  (Boundary 
Layer  Model)  prediction  model  to  produce  forecast  charts  of  infra-red  range  for  selected 
background  combinations.  Such  charts  show  the  spatial  and  temporal  variation  in  the  infra-red 
“visibility”  and  have  potential  for  use  in  the  advance  planning  of  air  sorties. 

Considerable  work  on  compiling  verification  and  validation  results  is  likely  before  WG-BMSS 
can  recommend  any  of  the  above  models  for  inclusion  in  the  NATO  TDA  library.  However,  at 
this  time  only  the  GE  NAVFLIR  TDA  and  the  simpler  UK  IRVIS  calculator  have  been  confirmed 
as  being  available  for  consideration.  The  availability  of  the  latest  US  models  to  NATO  has  still  to 
be  established,  but  it  is  possible  that  commercial  considerations  may  preclude  some  of  these  being 
released. 

3.5  NBC/Smoke 

Current  NATO  NBC  doctrine  is  in  accordance  with  ATP-45  (STANAG  2103).  Whilst  this  is 
largely  based  on  manual  techniques,  these  are  being  replaced  by  computer-based 
implementations,  although  the  methods  used  remain  relatively  simple.  Within  the  civil  sector 
most  regulatory  models  used  are  based  on  Gaussian  diffusion  and  these  models  make  a  number  of 
assumptions  which  are  not  normally  met  (e.g.  on  the  homogeneity  of  meteorological  conditions). 
However,  they  are  still  used  because  of  their  low  computational  requirements.  More 
sophisticated  particle  models  are  available,  which  overcome  the  shortcomings  of  the  Gaussian 
model,  but  these  are  much  more  computationally  demanding  and  so  are  not  suitable  for  warning 
purposes.  A  compromise  between  these  two  extremes  are  the  Gaussian  puff  models,  which 
simulate  a  release  of  gases  or  aerosols  by  a  series  of  single  puffs,  which  themselves  behave  in  a 
Gaussian  manner,  but  are  independent  of  each  other.  In  this  way  inhomogeneous  meteorological 
fields  can  be  handled,  whilst  the  computational  requirements  remain  within  acceptable  limits. 

All  Gaussian  models  require  a  set  of  parameters  which  depend  upon  the  local  environment  and 
weather  conditions.  These  cannot  be  derived  theoretically  but  must  be  determined  from  field 
measurements.  As  a  consequence,  parameter  sets  have  been  described  for  different  scenarios  by 
various  authors  and  these  show  considerable  differences.  Important  factors,  amongst  others, 
influencing  these  parameters  are  the  atmospheric  stability,  the  emission  height  and  the  exposure 
time.  Therefore  a  model  used  for  warning  purposes  should  be  able  to  choose  a  parameter  set 
which  is  most  appropriate  to  the  situation  at  hand.  An  examination  of  these  “sigma  parameters” 
has  been  made  by  aufm  Kampe  and  Weber^  who  concluded  that  there  is  no  reason  to  change  the 
ATP-45  parameters  since  they  show  excellent  agreement  with  available  experimental  data. 
However  at  distances  greater  than  10  km  there  is  substantial  disagreement  with  the  data,  and 
there  is  a  need  for  longer  range  diffusion  experiments,  especially  under  very  stable  conditions. 

More  sophisticated  dispersion  models  are  being  developed  by  GE  (HEARTS  -  Hazard  Estimation 
after  Accidental  Release  of  Toxic  Substances,  aufm  Kampe  and  Weber'),  the  US  (ABCSIM  - 
Atmospheric,  Biological  and  Chemical  SIMulator,  Brown')  and  various  models  are  also  being 
assessed  in  the  UK  (e.g.  ADMS  -  Atmospheric  Dispersion  Modelling  System,  Carruthers  et  al'®). 
For  military  applications,  such  dispersion  models  need  to  be  able  to  handle  episodic,  localised. 
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small  sources  where  the  release  is  often  near  the  surface.  Therefore  it  is  necessary  to  represent 
the  effects  of  turbulence  and  terrain  (e.g.  the  influence  of  hills,  woodland  and  urban  areas).  It  is 
also  important  to  be  able  to  consider  the  effects  of  short  term  and  fluctuating  exposures  to  toxic 
materials.  Transport  over  complex  terrain  can  be  split  into  two  main  contributing  factors:  wind 
flow  and  dispersion  effects.  At  present  the  simpler  flow  over  terrain  models,  which  can  be 
integrated  into  dispersion  TDAs,  cannot  account  for  all  situations  (e.g.  they  often  break  down  in 
severe  terrain  or  very  stable  conditions)  and  these  limitations  need  to  be  addressed. 

In  the  longer  term  the  adoption  of  more  sophisticated  dispersion  models  for  NBC  purposes 
within  NATO  must  be  co-ordinated  with  the  relevant  NATO  groups  (NAAG  Land  Group  7  and 
the  MAS  NBC  WP)  with  the  improved  techniques  being  documented  within  ATP-45.  Whilst  the 
adoption  of  improved  models  will  bring  a  benefit  in  terms  of  the  more  accurate  prediction  of  BC 
hazard  areas,  the  penalty  of  adopting  more  sophisticated  dispersion  models  is  that  they  require 
more  reliable  and  detailed  meteorological  data  than  the  current  ATP-45  “broad-brush”  methods. 
Nevertheless,  this  is  an  area  where  current  NATO  practices  could  be  brought  more  up  to  date, 
and  WG-BMSS  are  well  placed  to  make  appropriate  recommendations  on  models  to  be  used  to 
the  other  NATO  groups  mentioned  above. 

3.6  Visible/Near  IR 

Within  the  NATO  community  a  number  of  different  TDAs  for  supporting  the  use  of  Night  Vision 
Goggles  (NVG)  have  been  developed.  These  include  the  ANVIS  (CA),  ILLUMW  (UK), 
NITELITE  (US)  and  NVG  (US)  astronomical  models,  together  with  the  BIVPROG  (GE)  and 
EOTDA  TV  module  (US)  which  also  predict  NVG  “visual  range”.  Also,  in  the  US,  the  Night 
Vision  Goggles  Operations  Weather  Software  (NOWS)  is  being  developed  (Alleca*)  and  this  will 
provide,  in  addition  to  predictions  of  illumination  levels,  target  detection  ranges  and  cloud  free 
line  of  sight  probabilities.  Future  versions  of  NOWS  are  expected  to  include  NVG  scene 
visualisation. 

As  many  of  these  TDAs  are  relatively  mature  some  verifications  have  been  reported.  These 
include  an  evaluation  of  the  accuracy  of  some  of  the  US  astronomical  models  (Keith")  and 
comparison  of  the  predicted  illumination  levels  from  some  of  the  available  models  against 
measurements  made  in  Canada  and  Germany  (Gross')  which  have  highlighted  some  consistent 
differences  between  the  models.  It  was  found  that  the  US  NVG  model  tends  to  predict  the 
lowest  illumination  levels  whilst  the  UK  ILLUMW  tended  to  give  the  highest  values.  Cultural 
lighting  effects  were  present  in  the  data  and  this  was  believed  to  be  a  cause  of  some  of  the 
discrepancy  between  the  model  predictions  and  the  measurements.  As  yet,  the  models  have  only 
been  assessed  against  a  limited  dataset;  however,  there  is  a  much  larger  database  of  illumination 
measurements  available  at  GMGO  and  it  is  planned  to  use  this  for  a  more  complete  verification 

One  of  the  characteristics  of  the  various  models  is  that  they  predict  the  photometric  (0.4-0.7  pm) 
illumination  whilst  Gen  III  NVG  are  sensitive  into  the  near  infrared  (0. 6-0.9  pm)  and  there  is  the 
question  of  whether  this  is  a  significant  limitation  of  the  models.  However,  theoretical 
considerations  and  comparisons  of  photometric/radiometric  measurements  suggest  that  there  is  a 
linear  relationship  between  the  photometric  illumination  and  the  near  infrared  irradiance  so  this 
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can  be  accounted  for  relatively  simply.  The  BIVPROG  TDA  also  provides  predictions  of  NVG 
visual  range  (as  a  function  of  illumination  and  the  meteorological  visibility)  which  are  based  on  a 
multi-linear  regression  of  data  from  pilot  debriefings,  whilst  the  US  TVTDA  computes  detection 
ranges  based  on  the  sensor  characteristics.  Further  data  are  required  to  verify  these  range 
predictions. 

Given  the  availability  of  a  number  of  different  TDAs  for  NVG  systems  and  verification/validation 
results,  it  is  expected  that  WG-BMSS  should  be  able  to  make  recommendations  in  1997  on  which 
TDA,  or  TDA  sub-models,  for  supporting  the  use  of  NVG,  should  be  adopted  for  the  NATO 
TDA  library. 

3.7  Other  Applications 

Other  applications  for  which  TDAs  are  being  developed  include:  models  for  predicting  runway 
icing  conditions  (as  developed  by  GE  and  the  UK),  the  US  Navy  Topside  Ship  Icing  model,  new 
contrail  prediction  techniques,  models  for  trafficability,  parachute  operations  (in  particular  a  new 
technique  developed  by  FR  to  support  long  range  parachute  insertions)  and  HF  propagation. 
Another  area  which  is  of  interest  to  many  nations  is  in  personnel  factors  (heat  stress/wind  chill 
etc.).  This  is  an  area  which  is  being  led  by  the  Royal  NL  Air  Force  who  are  commissioning  an 
“expert  system”  for  predicting  personnel  factors  which  considers  both  meteorological  and 
physiological  effects.  In  addition  to  the  previously  mentioned  TDAs  for  individual  applications, 
there  is  also  the  possibility  of  providing  advice  on  how  weather  impacts  an  entire  mission,  by 
looking  at  the  weather  effects  on  all  the  systems  likely  to  be  used,  This  is  the  rationale  behind  the 
US  Army  Research  Laboratory  Integrated  Weather  Effects  Decision  Aid  (IWEDA),  Sauter'^ 
which  is  a  knowledge-based  expert  system  designed  to  provide  weather  effects  information  at  all 
organisational  levels,  with  the  ability  to  examine  weather  impacts  on  specific  systems. 


4.  DISCUSSION  AND  FUTURE  DEVELOPMENTS 

Current  meteorological  support,  as  provided  by  the  various  NATO  Weather  Analysis  Centres 
(WACs)  and  Military  Forecast  Centres  (MFCs)  is  based  on  Numerical  Weather  Prediction 
(NWP)  products  for  the  theatre  of  operations.  This  in  turn,  demands  the  availability  of  high 
resolution  relocateable  (i.e.  can  be  configured  for  different  regions)  models  for  the  areas  of 
operations.  Such  models  are  available  to  GE,  the  UK  and  the  US.  In  addition  to  these  there  are 
many  other  high  resolution  models,  which  are  centred  over  national  territories,  run  at  various 
WACs.  However,  there  is  a  real  need  to  improve  on  the  quality  of  the  predictions  of  moisture 
parameters  (e  g.  humidity,  cloud,  precipitation)  from  these  models,  since  these  are  critical  inputs 
to  many  TDAs,  and  at  present  generally  require  manual  forecaster  input. 

In  general,  mission-specific  and  tactical  forecasts  (using  TDAs)  require  more  detailed 
meteorological  data  on  the  battle-area  scale  than  can  be  produced  at  WACs  and  this  is  being 
addressed  by  the  development  of  very  high  resolution  battle-area  scale  models.  The  need  for 
these  battle-area  predictions  is  in  the  theatre  of  operations,  and  it  is  considered  that  the  ability  of 
such  models  to  produce  more  accurate  meteorological  forecasts  will  largely  depend  upon  their 
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ability  to  assimilate  more  up  to  date  in-theatre  data.  This  suggests  that  these  models  would 
probably  have  to  be  run  in-theatre  since  they  would  need  to  be  able  to  assimilate,  in  short  time, 
various  sources  of  meteorological  data  from  the  operational  area.  Such  models  are  currently 
being  developed,  these  include  the  US  Army  Battlescale  Forecast  Model  (BFM),  Lee  et  al'^,  the 
US  Navy  Coupled  Ocean  Atmosphere  Mesoscale  Prediction  System  (COAMPS),  Hodur'''  and 
for  the  British  Army  the  Computerised  METeorological  System  (CMDETS),  Turton'^ 

The  availability  of  such  models,  together  with  the  development  of  new  systems  to  collect 
meteorological  data  from  the  battle-area  (surface  sensors,  military  radiosonde  systems,  remote 
profilers,  sensors  on  air  vehicles,  satellites  etc.),  should  lead  to  improved  predictions  of  local 
effects  such  as  those  caused  by  topography/terrain/coasts.  This  in  turn  should  lead  to  improved 
tactical  forecasts  made  using  TDAs.  At  present  many  of  the  TDAs  that  have  been  developed  are 
stand-alone  and  run  on  a  variety  of  disparate  platforms.  In  the  longer  term  it  is  envisaged  that 
such  battle-area  scale  models  and  the  various  meteorological  TDAs  will  be  integrated  together 
such  that  TDAs  for  various  applications  would  all  be  run  using  data  from  a  single,  consistent, 
very  high  resolution,  4  dimensional  meteorological  database. 

It  is  expected  that  the  NATO  library  of  TDAs  would  be  made  available  for  nations  to  use  on 
national  Command,  Control  and  Information  Systems  (CCIS)  as  well  as  on  NATO  CCIS,  e  g.  the 
SACLANT  Allied  Environmental  Support  System  (AESS),  and  the  planned  SACEUR 
Automated  CCIS  (ACE  ACCIS).  Currently,  AESS  includes  TDAs  for  electromagnetic/electro¬ 
optic  systems  and  there  are  requirements  for  TDAs  for  NBC  defence,  mine  warfare  and 
amphibious  warfare.  Similarly,  there  are  national  plans  to  include  the  various  TDAs  within 
integrated  systems  such  as  the  GE  GEophysical  Display  System  (GEDIS),  the  NL 
METeorological  Information  System  (METIS),  the  UK  CMETS  and  the  US  Integrated 
METeorological  System  (IMETS). 

The  provision  of  4  dimensional  gridded  meteorological  data  fields  into  NATO  CCIS,  and  within 
the  context  of  the  “digitised  battlefield”,  is  likely  to  be  an  issue  that  will  need  to  be  addressed  by 
WG-OPC,  as  it  will  be  necessary  to  ensure  that  the  NATO  CCIS  are  capable  of  handling  the 
appropriate  meteorological  message  formats.  In  the  longer  term  there  may  be  a  need  to  transmit 
meteorological  data  between  different  national  (and  NATO)  systems  and  this  is  an  area  currently 
being  investigated  by  WG-OPC. 

To  conclude,  it  is  envisioned  that  the  NATO  library  of  TDAs  will  help  to  ensure  the  consistency 
of  TDAs  on  various  national  and  NATO  systems,  thus  improving  the  consistency  of  tactical 
meteorological  advice  and  supporting  interoperability  within  NATO. 
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1.  INTRODUCTION 

The  Defense  Modeling  and  Simulation  Office  (DMSO)  sponsored  surveys  to  be  taken  to 
establish  the  DoD  requirements  and  capabilities  for  the  natural  environment  and  environmental 
effects  in  military  models  and  simulations.  The  survey  was  conducted  as  a  task  within  the 
DMSO  Project,  Environmental  Effects  for  Distributed  Interactive  Simulation,  E^DIS 
(Heckathom,  1994).  A  tri-service  survey  team  was  established  and  the  Science  Technology 
Corporation  (STC)  was  selected  to  conduct  a  survey  of  DoD  requirements  for  environmental 
effects  in  military  M&S  and  a  second  survey  to  catalog  the  current  and  eminent  models  and  data 
bases  relevant  to  satisfying  those  requirements.  STC  also  conducted  an  analysis  of  the  shortfalls 
between  stated  requirements  and  current  capabilities.  This  paper  describes  the  results  of  the 
surveys  and  the  analyses  of  needed  new  capabilities. 

2.  REQUIREMENTS  AND  CAPABILITIES  SURVEY  QUESTIONNAIRES 

Because  the  results  of  both  the  requirements  and  capabilities  surveys  would  be  compared 
and  assessed,  the  two  questiormaires  were  structured  as  similarly  as  possible.  Both 
questionnaires  were  divided  into  two  parts:  administrative  information  and  technical 
information. 

The  administrative  information  section  requested  information  on  the  simulation  or  model 
title,  a  brief  general  description,  the  Service  office  of  responsibility  and  a  technical  expert  for  the 
simulation  or  model. 

The  technical  information  section  of  the  questionnaires  is  the  essence  of  the  surveys.  It 
has  seven  subsections  and  three  attachments.  The  seven  subsections  were; 

“  Critical  Environmental  Factors 

”  Status  of  the  Simulation,  Model  or  Database 

~  Application  of  the  Simulation,  Model  or  Database 

-  Simulation  or  Model’s  Spatial  and  Temporal  Domain 

~  Current  Requirements 

—  Future  Requirements 

“  E2DIS  and/or  Environmental  Capabilities  Briefing 
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Attachment  1  requested  information  for  atmospheric  data  and  effects  (surface  to  300  km 
altitude)  for  each  simulation  or  model; 

--  Atmospheric  Data  Type 

--  Fidelity  Requirements 

—  Sensor,  Commimications  and  Weapon  System  Description(s) 

Attachment  2  requested  similar  information  for  near  space  (300  km  to  70,000  km)  data 
and  effects.  (Only  the  atmospheric  applications  were  briefed  at  the  BAG.)  Attachment  3 
addressed  other  requirements,  such  as,  scalability  of  the  simulation  domain,  computer  software 
and  hardware  issues,  security,  W&A,  data  currency  (i.e.,  model,  real-world  or  real-time  data) 

The  requirements  and  capabilities  survey  questionnaires  are  provided  in  the  respective, 
complementary  documents  (Piwowar  et  al.,  1996  and  Burgeson  et  al.,  1996a). 

3.  RESULTS  OF  TBE  REQUIREMENTS  SURVEY 

The  Requirements  Survey  was  initiated  as  a  “top-down”  project,  that  is,  to  initiate  the 
survey  from  the  highest  office  in  each  Service  that  had  direct  responsibility  for  modeling  and 
simulation.  As  Figure  1  shows,  170  service  organizations  were  polled  and  208  major  M&S 
efforts  were  identified.  The  208  major  efforts  are  listed  in  Piwowar  et  al.,  1996.  The  Army 
identified  107  M&S  efforts  which  is  more  than  the  other  Services  combined.  Of  the  208  major 
programs,  74  were  thoroughly  dociunented  through  the  survey  questionnaire  process. 

The  models  and  simulations  were  categorized  by  DMSO  functional  area  and  hierarchical 
level.  The  functional  areas  are:  Research  and  Development;  Test  and  Evaluation;  Analysis; 
Production  and  Logistics;  and.  Military  operations,  Education  and  Training.  Hierarchical  levels 
of  simulations  or  models  are:  Campaign;  Mission;  Many-On-Many  or  Few-on-Few;  One-on-One; 
and.  Engineering  Level.  Figure  2  shows  the  fimctional  area  versus  hierarchical  level  distribution 
of  the  74  survey  models  /simulations.  With  the  exception  of  the  production  and  logistics 
category,  there  is  a  fairly  even  distribution  across  these  areas/levels.  Because  of  this  even 
distribution  across  functional  areas  and  hierarchical  levels,  the  sample  size  of  74  well- 
documented  questionnaires  was  considered  to  be  sufficient  to  draw  broad  conclusions  to 
benchmark  current  status  and  to  develop  new  requirements  and  plans. 

Also  shown  in  Figure  2  are  those  models/simulations  that  were  identified  by  the  returned 
questionnaires  as  having  critical  environmental  factors.  These  are  displayed  in  parenthesis  in  the 
lower  right  of  each  cell.  It  is  noteworthy  that  only  55%  (5  of  9)  of  the  Campaign-level  M&S, 
only  60%  of  the  Military  Operations  M&S,  and  only  68%  of  the  Analysis  M&S  were  identified 
as  having  critical  environmental  factors.  These  statistics  are  somewhat  perplexing  since  these 
are  the  models  and  simulations  that  warfighters,  who  are  the  ultimate  customers  for  M&S  efforts 
and  who  are  reasonably  familiar  with  real-world  environmental  factors,  would  be  expected  to 
use  routinely. 
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Sixty  percent  of  the  models  and  simulations  were  operational  at  the  time  the 
requirements  survey  was  taken  and  ninety  percent  were  expected  to  be  operational  by  FY97. 
Figure  3  shows  the  number  of  models/simulations  identified  by  military  object  families  (i.e., 
forces,  platforms,  weapon  systems,  communication  systems  and  sensors)  and  the  number  that 
identified  atmospheric  effects  by  family  type.  The  lack  of  atmospheric  effects  in  so  many  of 
these  families  indicate  the  environmental  support  groups,  perhaps  through  the  DMSO  Executive 
Agent  for  Air  and  Space,  need  to  work  more  closely  with  these  modelers/simulators  to  bring  to 
their  recognition  the  potential  atmospheric  impacts  and  the  current  capabilities  that  are  available. 

Figure  4  shows  the  distribution  of  simulation  types  surveyed:  live,  virtual  and 
constructive.  Virtual  simulations  have  by  far  the  greatest  usage.  Distributed  Interactive 
Simulations  (DIS)  were  reported  to  be  used  currently  by  19  %  of  the  models/simulations.  By 
FY97  this  number  was  projected  to  grow  to  57%.  Thirty  six  percent  of  the  responses  that  had  no 
plan  to  be  involved  with  DIS. 

The  requirements  survey  listed  26  atmospheric  data  types  and  23  near-space  environment 
data  types  for  the  respondents  to  select  as  requirements  for  their  models/simulation.  (Only  the 
atmospheric  applications  were  briefed  at  the  BAG.)  Respondents  were  requested  to  indicate  the 
current  usage  and  the  potential  for  future  usage  of  the  data  types.  The  results  are  shown  in  Figure 
5.  Those  most  commonly  identified  parameters  were  wind,  precipitation,  clouds,  aerosols,  fog, 
temperature  and  visibility.  Each  parameter  was  identified  in  60%  or  more  of  the 
model/simulation  requirements. 

The  spatial  and  temporal  domains  of  atmospheric  data  requirements  are  shown  in  Figures 
6  through  8.  It  is  interesting  to  note  that  for  most  atmospheric  data  types,  the  requirements  for 
spatial  and  temporal  resolution  spans  7  or  more  orders  of  magnitude. 

Other  topics  that  are  addressed  in  the  requirements  survey  results  are  model  scalability, 
computer  operating  systems,  host  computer  hardware,  programming  language,  database 
management  systems,  transportability,  data  media,  security  and  W&  A. 


4.  RESULTS  OF  THE  CAPABILITIES  SURVEY 

Figure  9  shows  that  41  service  organizations  were  polled  and  156  major  h^S  models  or 
databases  were  identified.  The  156  major  efforts  are  listed  in  Burgeson  et  al.,  1996a.  The  Air 
Force  and  Navy,  respectively,  identified  65  and  60  h^S  efforts.  Of  the  156  major  models  or 
databases,  152  were  thoroughly  documented  through  the  capabilities  survey  questionnaire 
process. 

Figure  10  shows  the  functional  area  versus  hierarchical  level  distribution  of  the  152 
environmental  databases  and  models.  The  data  in  this  figure  indicate  that  there  are  three 
dominant  functional  areas  for  the  databases  and  models  surveyed:  Research  and  Development, 
Analysis,  and  Military  Operations.  Only  one  model  supported  Campaign-level  models  and 
simulations. 
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Figure  1 1  shows  that  the  environmental  capabilities  database  was  comprised  of  26 
environmental  databases,  57  environmental  models,  and  59  environmental  effects  models. 

Figure  12  depicts  the  number  of  capabilities  that  provide  each  atmospheric  data  type. 
Note  that  transmissivity  and  clouds  dominate  the  list  of  current  capabilities,  being  provided  by 
25  and  26  models  or  databases,  respectively.  Temperature,  Avind  and  radiative  features  account 
for  secondary  peaks. 

An  appendix  in  Burgeson  et  al.,  1996a  presents  a  brief  description  of  each  model  and 
database,  along  with  the  technical  point  of  contact  and  critical  environmental  factors. 

5.  ANALYSIS  OF  REQUIREMENTS  VERSUS  CAPABBLITIES 

This  section  discusses  the  comparison  between  the  environmental  fidelity  requirements 
identified  from  the  74  DoD  simulation  models  in  the  Requirements  Survey  and  the  152 
environmental  model  and  database  capabilities  in  the  Capabilities  Survey.  Burgeson,  et  al., 
1996b  compares  fidelity  requirements  and  capabilities  for  the  eight  atmospheric  data  types 
identified  as  those  needed  the  most  in  the  Requirements  Survey.  Those  atmospheric  data  t5q)es 
are:  aerosols,  clouds,  fog,  humidity,  precipitation,  temperature,  visibility  and  wind.  The  analysis 
compares  the  surveyed  environmental  fidelity  requirements  with  capabilities  in  terms  of  their 
horizontal,  vertical  and  temporal  scales.  The  comparative  analysis  idmitifies  deficiencies  of 
current  environmental  simulation  tools  and  environmental  databases,  and  points  out  critically 
needed  new  environmental  models,  codes,  and  databases. 

As  an  example  analysis,  the  following  shows  the  fidelity  requirements  and  capabilities 
for  cloud  data.  Comparisons  are  depicted  in  bargraphs  that  display  the  fidelity  requirements  and 
capabilities  in  the  horizontal,  vertical  and  temporal  scales  (Figures  13,  14  and  15  respectively). 
Each  white  vertical  bar  represents  a  unique  environmental  M&S  requirement  whose  fidelity  has 
been  specified;  each  black  vertical  bar  represents  a  unique  environmental  capability  at  its 
available  fidelity.  The  requirements  and  capabilities  are  arranged  along  the  horizontal  axis  in 
order  of  decreasing  fidelity  from  left  to  right,  an  ordering  that  readily  shows  the  match  between 
requirements  and  capabilities.  Figure  13  shows  that  there  were  5  simulation  models  that 
required  horizontal  fidelity  of  cloud  data  at  100  meters  or  less  and  that  there  is  one 
environmental  model  that  can  provide  100  meter  fidelity. 

A  primary  purpose  of  the  E  DIS  Survey  Task  was  to  assess  current  capabilities  for 
specifying  the  atmospheric  environment  for  modeling  and  simulation  at  the  fidelity  needed  by 
the  military  services  NttfcS  communities.  The  assessment  was  made  by:  (1)  comparing  the 
spatial  and  temporal  environmental  fidelity  requirements  and  capabilities;  (2)  identifying  the 
extent  of  defined  deficiencies;  and,  (3)  recommending  the  development  of  new  models  and/or 
databases  with  suggested  fidelity  capabilities. 

Figure  16  shows  the  resulting  deficiencies  determined  from  these  analyses.  A  deficiency 
(d)  was  defined  as  a  condition  in  which  25  percent  or  more  of  the  total  requirements  cannot  be 
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matched  by  current  capabilities.  A  major  deficiency  (D)  was  defined  when  more  than  50  percent 
of  the  total  fidelity  requirements  cannot  be  matched.  Note  that  in  Figure  16,  all  horizontal 
fidelity  capabilities  are  deficient  (eight  of  eight)  and  that  half  are  major  deficiencies. 
Additionally,  more  than  half  the  vertical  capabilities  are  deficient. 

Analogous  to  the  requirements  report,  the  capabilities  report  also  addresses  model 
scalability,  computer  operating  systems,  host  computer  hardware,  programming  language, 
database  management  systems,  transportability,  data  media,  security  and  W&  A. 

6.  DATABASE  AVAILABBLITY 

The  complete  database  for  the  Requirements  and  Capabilities  Surveys  are  available  in  the 
form  of  tables,  queries  and  reports  in  PARADOX  for  Wiruhws-N ersion  5.0.  It  can  be  obtained 
through  the  first  author  of  this  report. 
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Figure  1 .  Requirements  Survey  Results 
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Figure  2.  Models  and  Simulations  Categorized  by  DMSO  Functional 
Area  and  Hierarchical  Level 
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Figure  3.  The  number  of  models  and  simulations  incorporating  speci¬ 
fic  military  object  femilies  and  having  atmospheric  effects  requirements 
for  each  military  object  family. 


Figure  4.  The  number  of  models  and  simulations  identified  to  be  pre¬ 
dominantly  either  live,  virtual,  or  constructive. 
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Figure  5.  The  number  of  requirements  for  each  of  the  26  atmospheric  data 
types  (see  List). 
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Figure  6.  The  number  of  horizontal  resolution  requirements  for  specific  grid 
spacings. 


Figure  7.  The  number  of  vertical  resolution  requirements  for  specific  grid 
spacings 
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Figure  9.  Capabilities  Survey  Results 


Figure  11.  Surveyed  environmental  databases  and  models  grouped  as 
components  of  military  simulations. 


Figure  10.  Environmental  Databases  and  Models  Categorized  by 
DMSO  Functional  Area  and  Hierarchical  Level. 


Figure  1 2.  The  number  of  environmental  databases  and  models 
surveyed  having  a  capability  to  provide  a  specific  atmosphere  data  type. 
The  26  atmospheric  data  types  are  listed  next  to  figure  5. 


Figure  13.  Comparison  between  environmental  capabilities  and  M&S 
requirenoents  for  data  on  the  horizontal  structure  of  clouds. 
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Figure  14.  Comparison  between  environmental  capabilities  and  M&S 
requirements  for  data  on  the  vertical  structure  of  clouds. 
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Figure  16.  Overall  Deficiencies  of  Current  Environmental  Models 
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Figure  15.  Comparison  between  environmental  capabilities  and  M&S 
requirements  for  temporal  data  on  temperature. 
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This  work  is  implementing  a  Microsoft  Windows™  interface  for  the  Army  Research 
Laboratory’s  family  of  EOSAEL  modules  under  a  Phase  II  SBIR  Contract  (DAALOl-96- 
C-2007).  The  work  is  sponsored  by  the  Army  Research  Laboratory,  Adelphi,  MD  and  is 
being  directed  by  Dr.  Alan  Wetmore  of  ARL.  He  can  be  contacted  via  e-mail  at 
Awetmore@arl.mil,  or  via  the  World  Wide  Web  at  www.EOSAEL.com.  This  paper 
briefly  described  EOSAEL,  PcEosael,  current  and  future  software  development 
directions,  and  distribution  of  EOSAEL  products.  User  can  keep  up  to  data  on  EOSAEL 
development  through  the  web  page  www.EOSAEL.com. 

The  EOSAEL  is  a  state-of-the-art  computer  library  comprised  of  fast-running, 
theoretical,  semiempirical,  and  empirical  computer  programs  that  mathematically 
describe  aspects  of  electromagnetic  propagation  in  a  battlefield  environments.  The  25 
modules  are  coimected  through  an  executive  routine,  but  often  are  exercised  individually. 
They  may  be  categorized  into  eight  generic  atmospheric  effects  areas:  atmospheric  gases, 
laser  propagation,  tactical  decision  aids,  battlefield  aerosols,  natural  aerosols,  target 
acquisition,  support  modules,  and  radiative  transfer. 

The  EOSAEL  modules  and  documentation  are  currently  distributed  to  approved  users 
through  TECNET.  Approval  to  access  the  system  is  obtained  by  contacting  Dr.  Wetmore 
at  the  addresses  given  above.  The  user  may  obtain,  upon  approval:  The  FORTRAN 
source  code  of  the  module,  PC  executable  code  for  the  module,  the  module  manual  in  a 
PostScript™  format,  and  several  test  cases  to  insure  the  proper  compiling  and  running  of 
the  module.  Data  input  is  accomplished  by  using  a  text  editor  to  produce  the 
appropriately  formatted  ASCII  file,  and  output  are  given  in  ASCII  tables.  Several  of  the 
modules  have  limited  graphical  output  files  in  an  ASCII  format. 

PcEosael  is  Ontar’ s  implementation  of  a 
user-fiiendly,  Microsoft  Windows  based 
interface  for  the  for  each  of  the  EOSAEL 
modules  together  with  and  overall 
executive  to  link  them  into  a  unified 
package  as  shown  by  the  figure  to  the  left. 
The  work  will  be  completed  by  the  Spring 
of  1998. 

The  interface  allows  the  user  to  set 
parameters  by  an  intuitive,  visual  point 
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and  click  method,  output  plots  of  computed  results,  and  generate  images  that  are  easily 
viewed.  The  interface  is  independent  of  the  internal  workings  of  the  individual  EOSAEL 
modules,  and  has  on-line  documentation  for  each  of  the  modules  and  its  suite  of  input 
parameters.  It  significantly  simplifies  setting  scenario  parameters  common  to  all  the 
modules  (e.g.  spectral  band,  range,  etc.),  and  provides  tools  to  easily  compare  the  results 
fi'om  the  different  EOSAEL  modules. 


An  example  of  the  GUI  is  shovra  in  the 
figure  to  the  left  which  is  produced  by 
the  COMBIC  module.  COMBIC 
compute  the  transmission  through  dust 
clouds,  smoke,  fire  and  other  man  made 
obstructions.  The  figure  shows  an 
observer  (the  eyeball),  two  paths  (the  end 
point  are  designated  by  the  circles),  and 
two  obscurant  sources.  The  first  is  the 
dust  generated  by  a  moving  vehicle 
which  is  designated  by  the  tank  symbol 
in  the  upper  left  comer  of  the  screen. 

The  second  source  is  a  smoke  canister  designated  by  the  symbol  at  the  bottom  of  the  plot 
toward  the  left  hand  side.  This  visual  representation  is  used  to  two  purposes. 

First,  it  allows  the  user  to  specify  the  location  of  the  sources,  and  the  end  points  of  the 
paths  for  the  calculation.  The  user  can  either  click  on  the  object,  e.g.  the  eyeball,  and 
bring  up  an  input  screen  were  he  can  input  the  numeric  x-y  values  for  the  location,  or  he 
can  click  and  drag  the  object  on  the  screen  to  the  desired  location.  Similarly  he  can  add 
(or  subtract)  sources  and  other  paths. 

The  second  use  of  this  GUI  is  to  view  the  output  from  the  COMBIC  calculation.  In  this 
case  we  are  showing  the  dissipation  of  the  smoke  cloud  from  the  155  mm  canister  at  43 
seconds  after  the  beginning  of  the  scenario.  The  user  does  this  by  clicking  on  the 
horizontal  bar  near  the  top  of  the  screen  labeled  “Calculate  Smoke”  which  brings  up  the 
dialog  box  shown  at  the  right  of  the  figure.  The  user  first  specifies  the  time  from  the 
beginning  of  the  scenario  at  which  he  wishes  to  view  the  cloud  and  the  spectral  band  in 
which  he  wishes  to  see  the  results  (in  this  example  the  8  to  12  pm  band).  The  result  are 
shown,  in  this  case,  by  the  vertical  strip  running  from  the  smoke  canister  at  the  bottom  of 
the  display  area  (near  the  1 60  meter  grid  point)  to  the  top  of  the  screen.  The  dust  from 
the  moving  vehicle  has  moved  out  of  the  viewing  screen  by  43  seconds.  At  an  earlier 
both  the  smoke  and  dust  clouds  will  be  in  the  field  of  view. 

The  strip  is  a  visual  representation,  projected  onto  a  2d  plane,  of  the  spatial  extent  and 
transmission  of  the  smoke  cloud  at  the  time  and  in  the  spectral  band  specified  by  the  user. 
In  this  case  the  display  is  at  43  seconds  after  the  release  for  the  .  8  to  12  pm  spectral 
region.  The  spatial  extent  is  indicated  by  the  x-y  spread  in  the  data.  The  transmission  is 
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depicted  as  a  gray  scale  going  from  black  (0%  transmission)  to  white  (100%  trans¬ 
mission).  A  second  display,  not  shown,  allows  the  user  to  generate  a  transmission  plot  (0 
to  100%)  as  a  function  of  time  along  each  of  the  paths  shown  in  the  display. 

Similar  GUI  are  available  for  the  other  EOSAEL  module  where  it  is  appropriate  to 
display  the  inputs  and  outputs  in  a  graphical  format. 

The  software  is  designed  for  cross  platform  use,  and  the  Windows  software  will  be 
followed  by  corresponding  UNIX  versions.  All  documentation,  including  the  ARL/ASL 
scientific  reports,  ARL  technical  manual  for  each  module,  associated  software  manuals, 
and  on-line  help  is  in  the  Adobe  Acrobat  Portable  Document  Format™  (PDF).  The 
documentation  is  used  as  either  a  stand  along  product  to  be  read  at  your  leisure,  or  in 
conjunction  with  operation  the  software  via  hyperlinks. 

A  second  major  objective  of  the  work  is  to 
better  keep  user  informed  EOSAEL 
developments.  The  is  being  accomplished 
via  the  URL  site  www.EOSAEL.com. 
Requests  for  the  access  to  TECNET  can  be 
sent  via  the  web  site  which  also  contains  a 
descriptions  of  each  module  and  the 
interactions  between  the  modules. 


The  complete  PcEosael  interface  will  be 
completed  by  the  Spring  of  1998.  In  the 
interim,  beta  versions  of  selected  modules  are  available  for  testing.  These  can  be 
obtained  by  contacting  Dr.  Wetmore. 
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PROGRESS  UPDATE  ON  DECISION  AIDS  FOR  EO  WEAPON  SENSORS 


Paul  Tattelman 
Phillips  Laboratoiy 
Geophysics  Directorate 
Hanscom  AFB,  MA  01731 
DSN:  478-5956 
tattelman@plh.af.inil 

The  Geophysics  Directorate  of  the  USAF  Phillips  Laboratoiy  manages  a  Weather  Impart 
Decision  Aids  (WIDA)  program  that  develops  software  to  predict  the  influence  of  the  weather 
and  other  environmental  parameters  on  the  operational  performance  of  Electro-Optical  (EO) 
sensors  (infrared,  laser,  visible)  used  in  air-to-ground  munitions,  navigation  systems,  and  Night 
Vision  Goggles  (NVGs). 

The  WIDA  program  has  established  unique  measurement  facilities  to  evaluate  EO  target 
and  background  signature  models  in  the  infrared  (3-5  and  8-12  micron)  and  near-infrared  (.7-.9 
micron).  EO  data  and  imagery  along  with  supporting  meteorological  and  geophysical  data  are 
collected  for  systematic  model  validation.  Experiments  have  been  conducted  at  a  fixed  site  at 
Hanscom  AFB  for  nearly  two  years.  A  mobile  van  is  also  being  equipped  to  conduct  infrared  and 
NVG  experiments  at  several  sites  on  Otis  ANGB,  Cape  Cod,  MA.  Infrared  experiments  began  in 
Jun  96  with  NVG  experiments  to  follow  in  1997. 

WIDA  experiment  data  are  being  used  to  evaluate  and  develop  the  physics  models  used  to 
predict  the  environmental  impacts  on  EO  sensors.  These  models  drive  WTDA  applications 
software  that  determines  target  acquisition  data  for  mission  planning/execution  activities  and 
produce  realistic  target-area  scenes  for  use  by  aircrews  on  automated  mission  planning  systems 
during  mission  rehearsals. 

An  overview  of  the  WIDA  program  was  presented  at  the  Dec  95  BAC.  This  presentation 
will  report  on  progress  made  over  the  past  year  and  provide  an  update  on  anticipated  WIDA  end- 
products  and  completion  dates. 

1.  Introduction 

The  Weather  Impact  Decision  Aid  (WIDA)  program  is  developing  new  products  that 
provide  performance  predictions  for  EO  Systems.  Current  focus  is  on  IR  and  night  vision 
systems.  WIDA  efforts  translate  conventional  weather  data  into  information  needed  by  the 
warfighter  to  exploit  the  battlespace  environment.  WIDA  products  provide  warfighters  with 
predictions  and  visualizations  of  the  influence  of  weather  and  other  environmental  parameters  on 
Electro-Optical  (EO)  Sensors  (infrared,  laser,  visible)  used  in  air-to-ground  munitions,  navigation 
systems,  and  night  vision  goggles  (NV Gs).  These  products  allow  mission  planners  to  factor 
weather  into  key  decisions  such  as  mission  time,  target  approach  heading,  tactics,  and  weapons 
selection.  They  provide  combat  aircrews  with  detection/lock-on  range  predictions  and/or  target 
scene  predictions,  facilitating  target  location  and  positive  identification. 
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The  current  WIDA  program  is  divided  into  three  components; 

a.  Air  Combat  Targeting/Electro-OpticaJ  Simulation  (ACT/EOS)  -  Develops  and 
upgrades  models  for  predicting  and  visuahzing  weather  impacts  on  air-to-ground  IR  targeting  and 
navigation. 

b.  Night  Vision  Goggle  (NVG)  Operations  Weather  Software  (NOWS)  -  Develops  and 
integrates  models  for  determining  the  influence  of  weather  and  illumination  on  the  performance  of 
NVGs. 


c.  Weather  Automated  Mission  Planning  Software  (WAMPS)  -  Integrates  new  IR  and 
NVG  weather  impact  models  developed  in  ACT/EOS  and  NOWS  with  existing  laser  and  TV 
weather  impact  models  into  a  product  that  will  automate  the  generation  of  EO  weather  impacts  in 
force-level  automated  mission  planning  systems. 

The  above  components  are  discussed  in  more  detail  in  the  following  sections.  The 
validation  effort  is  also  described. 

2.  Air  Combat  Targeting/Electro-Optical  Simulation  (ACT/EOS) 

The  ACT/EOS  effort  was  organized  when  the  final  version  of  the  EO  Tactical  Decision 
Aid  (EOTDA)  was  being  completed.  EOTDA  Version  3. 1  was  delivered  in  1994,  and  is  currently 
being  used  operationally  by  the  AF  and  Navy.  This  product  was  developed  during  a  period  of 
relatively  primitive  PC  and  workstation  capabilities,  limiting  its  utility.  Furthermore,  the  EOTDA 
had  only  limited  validation,  is  tedious  to  run,  and  often  requires  subjective  manipulation  by 
forecasters  to  adjust  for  discrepancies  or  bias  in  the  core  physics  models. 

The  ACT/EOS  objectives  are  to  model  weather  effects  on  air-to-ground  IR  targeting 
systems  and  develop  tools  to  enhance  mission  planning  and  execution.  The  models  fall  into  the 
following  three  categories; 

a.  Thermal  Contrast  -  Physics  models  are  used  to  calculate  IR  radiances  of  elements  of  the 
targets  and  surrounding  terrain.  The  current  EOTDA  uses  TCM2.  ACT/EOS  is  upgrading  TCM2 
for  targets,  and  evaluating  radiance  models  developed  by  the  Smart  Weapons  Operability 
Enhancement  Program  (SWOE)  for  backgrounds.  The  upgrade  to  TCM2  is  being  based  on 
TCM2  assessment  measurements  made  using  a  FLIR  2000  IR  sensor  to  observe  simple  test 
targets  along  vwth  a  comprehensive  suite  of  meteorological  observation  equipment  including  a 
TPQ-1 1  cloud  profiling  radar.  Data  are  being  used  to  identify  weather  sensitivities  causing 
differences  between  observed  and  predicted  radiances.  Current  modeling  is  for  8-12  pm;  a  3-5 
pm  model  will  be  added  in  the  future. 

b.  Atmospheric  Transmission  -  Atmospheric  transmission  is  calculated  using 
MODTRAN,  but  calculation  time  is  minimized  using  a  spatial  interpolation  scheme  developed  for 
ACT/EOS. 
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c.  Sensor  Performance  -  Sensor  performance  modeling  characterizes  the  ability  of  specific 
IR  sensors  to  distinguish  targets  and  backgrounds.  ACT/EOS  is  developing  an  improved  sensor 
performance  model  to  overcome  limitations  in  the  models  currently  used  in  the  EOTDA. 

In  addition,  ACT/EOS  is  developing  automated  data  management  techniques  to  drive  the 
above  models.  Geographic  data  sets  are  generated  using  ARC/INFO,  a  commercial  Geographic 
Information  System  (GIS).  Geographic  data  sets  are  generated  from  a  variety  of  sources, 
including  National  Imagery  and  Mapping  Agency  (NEVLA  formerly  DMA),  USGS,  commercial 
satellites,  and  national  imagery,  and  can  support  large  areas  (e.g.  40  km  x  40  km  at  10m 
resolution).  The  GIS  is  being  programmed  to  fully  automate  this  process.  ACT/EOS  models  are 
also  driven  using  real-time  weather  derived  from  the  AF  Automated  Weather  Distribution  System 
(AWDS). 

The  models  described  above  support  the  development  of  the  following  two  software 
packages. 

a.  IR  Target-scene  Simulation  Software  (IRTSS)  -  This  product  provides  an  IR 
visualization  of  the  target  scene  (currently  8-12  p,m,  but  3-5  |jm  will  be  added).  The  visualization 
capability  includes  terrain  shadowing,  realistic  vegetation  graphics  and  animated  fly-throughs  that 
allow  for  3-dimensional  positioning  of  the  sensor  to  view  the  scene  Ifrom  any  angle.  IRTSS  is 
primarily  being  developed  for  incorporation  into  the  AF  Mission  Support  System  (AFMSS)  that 
will  support  aircrew  mission  planning  and  execution.  It  is  being  evaluated  by  the  46th  Test  Wing 
and  46th  Weather  Squadron  at  Eglin  AFB,  FL.  Pilots  are  briefed  using  IRTSS,  and  cockpit  video 
and  meteorological  validation  data  are  returned  for  analysis  and  product  upgrade. 

b.  Target  Acquisition  Weather  Software  (TAWS)  -  TAWS  is  currently  planned  as  a 
replacement  for  the  EOTDA.  ACT/EOS  will  provide  the  IR  portion  of  TAWS.  Requirements  for 
TAWS  are  being  discussed  with  AF  Weather  and  the  Naval  Research  Lab,  Monterey.  As  a 
minimum,  TAWS  would  provide  more  accurate  acquisition  and  lock-on  ranges,  improved 
guidance  on  tactics,  far  superior  visualizations,  probability  outputs,  ability  to  support  multiple 
taskings,  and  guidance  on  weather  sensitivities. 

3.  Night  Vision  Goggle  (NVG)  Operations  Weather  Software  (NOWS)  -  The  NOWS  efibrt 
began  with  a  deficiency  in  AFSOC  weather  support  to  covert  night-time  helicopter  air  refueling 
using  NVGs.  After  meeting  with  pilots  of  the  9th  Special  Operations  Squadron  and  AFSOC 
weather  personnel  in  March  91,  Phillips  Lab  (PL)  Geophysics  Directorate  initiated  an  R&D  effort 
to  predict  weather  impacts  on  the  performance  of  NVGs.  A  contractual  effort  began  in  FY92. 

The  prototype  NOWS  was  delivered  in  FY94  and  demonstrated  to  AF  Weather.  This  led  to  a 
greatly  expanded  list  of  requirements  for  NOWS  from  AFSOC  and  ACC  to  support  differing 
scenarios,  targets,  backgrounds  and  hazards  for  NVG  operations.  NOWS  Version  1.0  was 
delivered  in  FY95  for  evaluation  by  AFSOC  weather  (16th  OSS).  The  NOWS  Graphical  User 
Interface  (GUI)  and  products  were  developed  in  close  coordination  with  AFSOC. 
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NOWS  Version  3.0  was  delivered  in  Dec  96  to  ACC  and  AFSOC  for  evaluation  at  more 
than  30  operational  weather  units  including  those  in  PACAF  and  USAFE.  The  current  version 
offers  distinct  advantages  over  other  NVG  support  products  including: 

a.  Physics-based  models  incorporating  relevant  weather  for  target/background  detection 
range, 

b.  Upward  and  downward  lines-of-sight, 

c.  Atmospheric  attenuation  and  path  radiance  effects,  and 

d.  NVG  sensor  modeling 

NOWS  provides  worldwide  map  backgroimds  for  displaying,  choosing,  and  tracking 
missions.  It  provides  alerts  to  NVG  operations  hazards  such  as  loss  of  horizon  and  towers,  and 
provides  NVG  ranges  as  a  function  of  user-selected  probabilities.  It  also  depicts  optimum 
azimuth  to  approach  a  target  or  background.  Weather-data  input  is  automated  with  manual 
override  capability. 

The  recently  delivered  NOWS  3.0  provides  terrain  elevation  and  features,  full  sensor 
bandpass  spectral  computations,  an  urban  illumination  model,  and  map-based  color-coded  output 
products.  Future  plans  call  for  modeling  individual  light  sources,  terrain  shadowing  and  masking 
effects,  and  incorporation  of  additional  customer  requirements. 

4.  Weather  Automated  Mission  Planning  Software  (WAMPS)  -  Currently,  weather  impacts  on 
systems  and  operations  are  not  included  in  force-level  automated  mission  planning  systems.  In 
order  to  support  the  appropriate  selection  of  weapon  and  navigation  sensors  for  himdreds,  or 
even  thousands  of  sorties,  it  is  imperative  that  mission  planners  have  WIDAs  that  automatically 
assess  weather  impacts  for  specific  sensors  against  selected  targets  and  backgrounds. 

A  survey  of  EO  requirements  was  conducted  for  the  WED  A  program.  This  study 
acknowledged  the  importance  of  understanding  and  exploiting  weather  effects  on  EO  systems. 

The  survey  of  plaimers  and  pilots  pointed  out  numerous  WIDA  requirements  including  the  need 
for  simultaneous  guidance  for  multiple  targets,  guidance  for  weapon  selection,  target-area 
visualization,  and  more  wavelengths  than  the  current  EOTDA. 

Whereas  TAWS  is  primarily  a  tool  to  support  mission  execution,  WAMPS  is  envisioned  as 
a  force-level  (24-72  hrs)  stoplight  weather  impact  mission  planning  capability.  By  providing 
red/yellow/green  (unfavorable/marginal/favorable)  guidance  for  each  weapon/target  combinatior4 
planners  can  better  select  weapons  or  alternatives  or  modify  times-over-target.  WAMPS  will 
integrate  new  technologies  developed  in  the  PL  WIDA  program  with  other  decision  aids  available 
in  the  EOTDA  and  elsewhere.  The  goal  here  is  to  demonstrate  how  weather  decision  aids  can 
greatly  enhance  mission  planning  by  exploiting  both  offensive  and  defensive  weather  sensitivities. 
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5.  WIDA  Model  Validation 


An  integral  part  of  the  PL  WIDA  program  is  product  validation.  Two  separate  facilities 
are  used  to  make  comprehensive  meteorological  and  sensor  measurements.  A  fixed  site  at  the 
Geophysics  Directorate  at  Hanscom  AFB,  MA.,  (about  15  miles  north  of  Boston)  is  used  to 
collect  all  meteorological  and  EO  data  required  by  the  ACT/EOS  thermal  models.  Hiett  (1995) 
provides  a  complete  description  of  this  facility.  In  addition  to  comprehensive  meteorological  and 
EO-related  measurements,  imagery  is  collected  using  a  FLIR  2000  (8-12  pm),  a  FLIR  PRISM  (3- 
5  pm),  and  a  TV  camera  (visible)  observing  two  simple  test  targets.  Currently,  only  the  8-12  pm 
data  are  being  used  for  thermal-model  validation  and  improvement. 

A  mobile  platform  has  also  been  instrumented  for  ACT/EOS  and  NOWS  validation 
measurements.  Data  collection  using  the  mobile  (trailer)  facility  will  be  primarily  at  the  Camp 
Edwards  range  at  Otis  ANGB,  Cape  Cod,  MA.  For  NOWS,  the  mobile  facility  includes 
measurements  utilizing  three  laboratory-grade  radiometers,  NVGs,  and  tailored  bar  targets. 

The  fixed  and  mobile  facilities  are  referred  to  as  WIDA  Lab,  and  data  collected  ensure  that 
WIDA  products  will  be  thoroughly  evaluated  during  their  development. 

6.  Closing  Remarks  and  Summary 

The  Department  of  Defense  has  spent  considerable  sums  of  money  trying  to  engineer  “all- 
weather”  systems  that  are  not  impacted  by  the  environment.  A  recent  study  by  the  GAO  found 
that  smart  weapons  were  overrated.  The  study  found  that  “all-weather”  elfectiveness  was 
overstated  by  DoD,  that  precision  guided  munitions  functioned  effectively  only  in  optimum 
conditions,  and  that  IR,  EO,  and  laser  systems  were  seriously  degraded  by  weather.  Considerable 
improvement  could  be  obtained  by  tailoring  weapon  choice,  time  of  attack,  and  tactics  to  the 
weather.  The  use  of  validated  environmental  decision  aids  in  mission  execution  and  the 
automated  mission  planning  process  would  bring  current  “smart  systems”  closer  to  the  desired 
“all-weather”  capabihty  than  trying  to  engineer-out  the  weather,  and  at  a  small  fraction  of  the 
cost. 


The  WIDA  program  is  developing  products  that  translate  conventional  weather  data  into 
information  that  the  warfighter  needs  to  exploit  the  battlespace  environment.  This  article 
presented  an  overview  and  progress  report  on  projects  that  support  air-to-ground  IR  targeting 
and  operations  using  NVGs.  Future  efforts  will  incorporate  weather  sensitivities  of  other  EO 
sensors  into  decision  aids  that  will  enhance  all  levels  mission  planning  and  execution. 
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ABSTRACT 

This  paper  describes  objective  IMETS  capabilities  envisioned  in  the 
2005  timeframe  to  include:  a)  battlespace  observing  systems  eind 
data  sources  ingested  by  IMETS;  b)  IMETS  connectivity  and 
interoperability  with  the  Air  Force  Tactical  Forecast  System  (TFS) 
and  Defense  Meteorological  Satellite  Program  (DMSP)  Small  Tactical 
Terminal  (STT) ;  c)  weather  support  products  and  data  provided  to 
Army  battlefield  ftinctional  areas  and  operating  systems,  and  other 
"warrior  C4I"  systems;  and  d)  IMETS  communications  connectivity  and 
dependencies  within  the  tactical  weather  support  structure,  and 
interaction  with  the  Army  Battle  Command  System  (ABCS) .  We  will 
overview  the  weather  architecture  and  key  concepts  essential  to 
fully  exploit  the  capabilities  of  IMETS  and  enable  warfighters  to 
ultimately  "own  the  weather." 


1.  INTRODUCTION 

The  most  significant  improvement  in  Army  weather  equipment  over  the 
next  few  years  is  the  fielding  of  IMETS,  and  it's  reception  of 
real-time  DMSP  data.  This  will  down-size  and  automate 
collection/ ingest,  processing,  product  preparation,  and 
dissemination  of  weather  information  to  all  echelons  of  command  in 
wartime  and  stability/ support  operations.  Combined  weather 
observations  over  the  entire  battlespace  will  be  built  into  a  three 
dimensional  data  base  and  stored  in  IMETS.  IMETS  will  use  the 
current  observation  data  base  and  synoptic  forecasts  prepared  by 
Air  Force  Global  Weather  Center  (AFGWC)  to  generate  detailed, 
tailored  mesoscale  forecasts,  that  will  serve  as  the  source  of 
input  for  Tactical  Decision  Aids  (TDAs)  and  automated  Intelligence 
Preparation  of  the  Battlefield  (IPB)  weather  analysis  products. 
Weather  effects  TDAs,  like  the  Integrated  Weather  Effects  Decision 
Aid  (IWEDA) ,  will  run  on  IMETS,  Digital  Topographic  Support  System 
(DTSS) ,  All  Source  Analysis  System  (ASAS) ,  Maneuver  Control  System 
(MCS) ,  and  other  nodes  of  the  ABCS.  The  TDAs  run  by  users  outside 
IMETS  will  have  electronic  linkage  to  IMETS  through  area 
communication  networks  to  receive  the  weather  information  required. 
Users  will  be  able  to  receive  electronically  tailored  weather  data 
and  products  made  to  meet  their  mission,  software,  and  operational 
requirements . 
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The  IMETS  is  an  Intelligence  and  Electronic  Warfare  (lEW)  system  of 
the  ABCS.  IMETS  is  Army  furnished  equipment  that  is  manned  and 
operated  by  US  Air  Force  Weather  Teams  (WETM)  at  echelons  above 
corps,  corps,  division,  aviation  brigade,  separate  brigade,  armored 
calvary  regiment,  and  ranger  regiment/special  forces.  It  is  a 
heavy  High  Mobility  Multi-Purpose  Wheeled  Vehicle  (HMMWV)  mounted 
tactical  system  deployable  with  supported  high  speed  forces.  IMETS 
is  a  mobile,  automated  weather  information  processing  and 
communications  system  that  will  carry  Army  weather  support  into  the 
21st  century.  The  target  date  for  the  weather  supporting  concept 
outlined  here  is  2005. 

2.  ARMY  TACTICAL  WEATHER  SUPPORT  PROCESS 

The  focus  of  all  weather  support  to  the  Army  will  be  upon  the 
production  and  dissemination  of  information  and  decision  aids  - 
mainly  TDAs  -  needed  to  conduct  battlefield  operations.  Three 
sequential  processes  are  used  to  provide  Army  tactical  weather 
support.  The  first  step  is  the  collection  of  meteorological 
observation  and  forecast  data.  The  next  phase  is  the  automated 
ingest,  collation,  validation,  processing,  analysis,  and 
application  of  data  and  forecasts  to  predict  effects.  The  final 
process  involves  the  automatic,  electronic  dissemination  of  weather 
effects  products  to  the  user,  primarily  in  the  form  of  tactical 
decision  aids. 

With  respect  to  the  tactical  Army  weather  support  process  as  it 
relates  to  the  IMETS,  this  paper  will  focus  on  the  four  stages  that 
lead  to  Owning  the  Weather  (OTW) .  The  four  components  in  order 
are;  1)  "know  the  weather"  -  observations/collection;  2)  "predict 
and  apply  the  weather"  -  processing,  analysis,  forecasting, 
data/product  generation,  and  dissemination;  3)  "understand  and 
exploit  the  weather"  -  TDAs,  battlefield  visualization,  and 
information  operations;  and  4)  "own  the  weather"  -  combat  force 
multiplier.  OTW  provides  the  capability  to  anticipate  the 
differential  impacts  of  weather  conditions  on  friendly  and  threat 
capabilities,  allowing  commanders  to  exploit  windows  of  opporttinity 
created  by  the  weather. 

3.  KNOWING  THE  WEATHER 

Weather  observations  are  the  foundation  for  weather  forecasts, 
advisories/warnings,  and  weather  effects  information  and  TDAs. 
More  frequent  observations  taken  in  a  smaller  area  are  a  necessary 
part  of  improving  mesoscale  and  microscale  forecasts.  IMETS  will 
collect  environmental  observations  and  data  from  all  available 
sources .  Current  and  forecast  synoptic  and  regional  scale 
meteorological  data  and  products  are  received  in  a  timely  manner 
from  central  facilities  and  centers.  This  information  is 
supplemented  by  real-time,  local  battlefield  weather  observations 
received  from  sensing  systems  and  observers.  The  goal  is  to  build 
the  most  complete,  detailed  and  accurate  weather  database  for 
running  atmospheric  models,  TDAs,  and  other  applications. 
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3.1  Central  Facilities/Centers 

Strategic  and  theater  weather  data  sources  for  IMETS  are  AFGWC, 
Fleet  Numerical  Meteorology  and  Oceanography  Center  (FNMOC) ,  Air 
Force  Combat  Climatology  Center  (AFCCC) ,  Air  Force  Space  Forecast 
Center  (AFSFC) ,  National  Oceanographic  and  Atmospheric 
Administration  (NOAA) ,  World  Meteorological  Organization  (WMO) ,  and 
Joint  Meteorological  Forecasting  Units  (JMFU)  and  Theater 
Forecasting  Centers  (TFC) .  The  primary  data  source  is  AFGWC,  with 
data  and  products  from  all  other  sources,  except  JMFU/TFC, 
available  through  AFGWC. 

Vital  battlefield  surface,  upper-air,  and  airborne  observations 
must  be  relayed  back  to  higher  echelons  and  central  forecasting 
facilities  by  IMETS  via  terrestrial  lines  such  as  Secret  Internet 
Protocol  Router  Network  (SIPRNET)  or  Global  Command  and  Control 
System  (GCCS) .  Since  Army  units  are  mobile  and  location  must  be 
included  as  part  of  the  weather  observation  report,  these  reports 
are  classified  and  must  be  transmitted  over  secure  communications. 

3.2  Real-time  Battlespace  Observations 

IMETS  will  acquire  local  observational  data  from  a  variety  of 
complementary  space  based,  airborne,  and  ground  based  automatic 
remote  and  in- situ  sensing  systems,  and  human  observers.  In 
particular,  the  Army  requires  local  area  observations  forward  of 
division  command  posts  and  in  target  areas  deep  into  enemy 
territory. 

Observations  from  meteorological  satellites  (METSAT)  provide  the 
best  area  coverage,  globally,  and  in  theater.  IMETS  will  directly 
receive  low  and  high  resolution  imagery  (visible,  infrared,  and 
microwave)  and  atmospheric  soundings  from  polar  orbiting  DMSP  and 
NOAA/TIROS  satellites  (to  be  replaced  by  the  converged  National 
Polar-Orbiting  Operational  Environmental  Satellite  System  (NPOESS) 
around  2006) ,  and  Russian  METEOR  and  Chinese  FENG-YUN  satellites. 
High  temporal  resolution  observations  from  the  geostationary 
METSAT,  GOES  (United  States) ,  METEOSAT  (Europe)  and  GMS  (Japan) , 
will  also  be  directly  received  by  IMETS. 

Airborne  observations  in  crucial  forward  and  deep  areas  will 
eventually  be  provided  by  an  automatic  meteorological  sensor 
onboard  unmanned  aerial  vehicles  (UAV)  and  dropsondes  ejected  by 
UAV  over  critical  target  areas.  These  atmospheric  profiles  from 
dropsondes  released  at  maximum  flight  altitude  and  flight  path 
measurements  from  the  meteorological  sensor  will  come  from  a  family 
of  UAV  flying  at  different  altitudes  and  ranges/depths  in  the 
battlespace.  The  UAV-Tactical  (i.e..  Outrider)  will  have  a  maximum 
range  past  the  forward  line  of  own  troops  (FLOT)  of  50  km  and 
maximum  flight  altitude  of  3  km  above  ground  level  (AGL)  at  7  hour 
time  endurance.  At  4.5  hour  endurance,  it's  maximum  range  past  the 
FLOT  is  200  km  and  maximum  altitude  is  6  km  AGL.  The  UAV-Short 
Range  (Hunter)  will  have  a  maximum  range  of  200  km  and  altitude  of 
4.5  km  AGL.  The  UAV-Endurance  (Predator)  will  fly  out  to  a  range  of 
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500  km  at  a  maximxom  altitude  of  7.5  km.  And  the  UAV-Medium  Range 
will  have  a  maximum  range  of  650  km  and  altitude  of  12  km.  Present 
weather  information  (e.g.,  clouds,  precipitation,  visibility)  can 
also  be  obtained  from  UAV  visible  and  infrared  video  camera 
imagery.  Other  airborne  observations  that  can  be  received  by  IMETS 
include  Air  Force  and  Army  aviation  pilot  reports  (PIREPS)  and 
target  weather  information  (TARWI) . 

Upper  air  observations,  up  to  an  altitude  of  30  km  AGL,  are  taken 
near  artillery  units  by  Artillery  Meteorological  (ARTYMET)  sections 
with  the  Meteorological  Measuring  System  (MMS) ,  using  the  Computer 
Assisted  Artillery  Meteorology  (CAAM)  models  and  software. 
Eventually,  after  the  year  2005,  tactical  atmospheric  profilers 
(i.e.,  the  Profiler)  will  provide  vertical  profiles  with  extremely 
rapid  refresh  rates.  IMETS  will  also  receive  upper  air  profiles 
from  Air  Force  WETM  taken  at  fixed  airfields. 

Several  automatic,  remote  surface  sensing  systems  will  provide 
IMETS  with  surface  weather  observations  taken  at  different  areas  on 
the  extended  battlefield.  These  imattended  sensing  systems  will  be 
selectively  deployed  throughout  the  depth  of  the  battlefield  and 
tied  into  an  automated  communication  system.  Brigade  and  battalion 
S2  sections  will  provide  surface  weather  data  taken  at  key  terrain 
points  forward  of  division  command  posts  with  hand  emplaced  and 
vehicle  mounted  Automatic  Meteorological  Sensor  Systems  (AMSS) . 
Also,  the  S2  section's  Improved  Remotely  Monitored  Battlefield 
Sensor  System  (IREMBASS)  with  AMSS  (IRAMSS)  will  provide  surface 
observations  in  forward  close  battle  areas  and  flanking  areas  along 
likely  enemy  avenues  of  approach.  The  IRAMSS  can  be  hand  emplaced 
or  air  delivered  from  the  FLOT  to  deep  behind  enemy  lines.  ARTYMET 
sections  will  provide  surface  observations  near  artillery  batteries 
taken  by  the  MMS's  automated  surface  meteorological  sensor. 
Surface  observations  for  deep  areas  will  be  received  by  IMETS  from 
the  Remote  Miniature  Weather  Sensor  (RMWS)  deployed  by  Special 
Operations  Forces  (SOF) .  Finally,  rear  area  surface  obsesrvations 
will  be  taken  by  the  Air  Force  WETM  at  IMETS  locations. 

Human  manual  surface  weather  observations  taken  all  over  the 
battlefield  will  also  be  obtained  by  IMETS.  Long  range  ground 
reconnaissance  and  surveillance  elements/units  will  provide  surface 
observations  for  close  battle  and  deep  areas.  Observations  for 
areas  forward  of  divisional  command  posts  will  be  provided  by  the 
S2  Forward  Area  Limited  Observing  Program  (FALOP) ,  the  ARTYMET 
section  Artillery  Limited  Surface  Observation  Program  (ALSOP) ,  and 
Engineer  units.  Rear  area  weather  observations  will  be  taken  by 
Air  Force  WETM  observers  at  airfields  and  IMETS  locations.  Air 
Traffic  Control  (ATC)  units,  and  Army  aviation  brigades/ squadrons. 

Other  potential  sources  of  observational  data  for  IMETS  may  include 
Air  Force  Tactical  Weather  Radar  (TWR)  and  tactical  lightning 
detection/location  systems,  DoD/INTEL  satellite  imagery 
interpretation  elements.  Artillery  Global  Positioning  System  (GPS) 
rocketsondes  (for  deep  operations  support) ,  and  other  theater  Air 
Force,  Navy,  Marines,  and  indigenous  sources. 
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4.  PREDICTING  AND  APPLYING  THE  WEATHER 

The  four  main  areas  of  IMETS  functions  and  capabilities  to  be 
discussed  here  are  data  ingest,  processing/forecasting,  product 
preparation,  and  dissemination.  The  most  critical  element  of 
tactical  weather  support  is  weather  communications.  It  is  also  the 
most  difficult  aspect  to  consider  for  establishing  a  future 
objective  architecture.  Tactical  weather  communication  systems 
must  provide  dependable,  wireless,  two-way  communications.  The 
primary  method  of  communication  will  be  satellite  based,  with  high 
frequency  (HF)  radio  providing  a  secondary  means  of  communication. 
The  objective  concept  is  to  have  a  “single  data  stream"  which 
travels  over  an  open  systems,  common-user  network,  using  satellite 
based  system  like  Global  Broadcast  Service  (GBS)  and  common-user 
networks  such  as  SIPRNET. 

Original  IMETS  organic  communications  equipment  include  Mobile 
Sxibscriber  Equipment  (MSE) ,  Combat  Net  Radio  (CNR)  Single  Channel 
Ground  and  Airborne  Radio  System  (SINCGARS) ,  HF  radio,  and  Systems 
West  METSAT  receiver.  Eventually,  IMETS  will  be  supplemented  with 
the  STT  and  satellite  communications  (SATCOM)  equipment,  and  MSE 
will  be  replaced  by  Warfighter  Information  Network  (WIN)  and 
SINCGARS  will  be  replaced  by  Future  Digital  Radio  (FDR) . 

4.1  Communications  for  Acquisition/Ingest 

IMETS  will  receive  data  and  products  from  AFGWC  primarily  through 
GBS  and  SIPRNET.  The  AFGWC  personal  computer  based  dial-in  access 
system.  Air  Force  Dial-In  Siibsystem  (AFDIS) ,  can  also  be  used 
through  the  IMETS*  forecaster  workstation  TFS  software.  A  variety 
of  networks  and  systems  can  be  accessed  through  SIPRNET  to  provide 
IMETS  connectivity  to  AFGWC.  A  few  such  hosts  include:  GCCS;  Joint 
Worldwide  Intelligence  Communications  System  (JWICS) ;  Joint 
Deployable  Intelligence  Support  System  (JDISS)  ;  WIN;  the  integrated 
Intelligence  inforaation  seirvice  INTELLINK;  and  the  AFGWC  homepage. 
Air  Force  Weather  Information  Network  (AFWIN) .  The  AFGWC  primary 
uplink  peak  data  rate  for  GBS  is  expected  to  be  about  64  Kbps  to 
support  IMETS  with  GBS  ground  receiving  terminals.  Data  and 
products  from  JMFU,  TFC,  and  indigenous  sources  will  be  received  by 
IMETS  mainly  through  Theater  Deployable  Communications  (TDC) ,  High 
Frequency  Regional  Broadcast  (HFRB)  system,  WIN,  and  GCCS. 

Real-time  battlefield  observational  data  will  be  acquired  by  IMETS 
through  various  means,  depending  on  the  particular  observing 
system.  Automated  sensor  systems  will  be  linked  electronically  to 
IMETS  through  self-contained  communications,  standard  Army 
communications  systems,  or  up-linked  via  satellites.  IMETS  will 
have  a  direct  readout  capability  to  receive  all  available  METSAT 
transmissions.  IMETS*  Systems  West  will  receive  polar-orbiting 
METSAT  Automatic  Picture  Transmission  (APT)  imagery  and 
geostationary  METSAT  Weather  Facsimile  (WEFAX)  imagery  and  other 
products.  The  STT  will  directly  receive  DMSP  Realtime  Data  Smooth 
(RDS)  and  Real  Time  Data  (RTD)  transmissions,  NOAA/TIROS  High 
Resolution  Picture  Transmission  (HRPT)  data,  and  geostationary 
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METSAT  low  and  high  resolution  imageiry.  All  data  received  by  the 
STT,  and  products  it  generates,  will  be  ingested  into  the  IMETS  TFS 
on  the  forecaster  workstation  through  an  internal  Local  Area 
Network  (LAN)  line.  All  UAV  meteorological  data  will  be  received 
by  IMETS  through  the  UAV  tactical  ground  control  station  via 
MSE/WIN.  ARTYMET  upper  air  profiles  and  other  data  will  be 
transmitted  to  IMETS  through  MSE/WIN.  SOF  RMWS  observations  will 
be  received  by  IMETS  through  SATCOM  link.  AMSS  data  will  be 
relayed  to  the  S2's  AMSS  monitor/programmer  unit  by  line-of-sight 
radio  link.  The  S2  can  store,  display,  and  print  the  weather  data 
on  the  monitor  station  and  forward  the  data  to  the  nearest  IMETS 
and  ASAS .  IRAMSS  data  will  be  relayed  to  the  S2 '  s  IREMBASS 
monitor/programmer  station  by  599-channel  synthesized  radio 
frequency  (RF)  data  link,  with  a  25  ms  burst  transmission  and  15  km 
line-of-sight  range  for  sensors  and  repeaters.  The  IREMBASS 
monitor  station  stores,  displays,  prints,  and  forwards  the  weather 
data  to  IMETS  and  ASAS.  The  S2's  AMSS  and  IRAMSS  data  will  be 
transmitted  to  IMETS  via  area  communications  (i.e.,  IMETS  will 
receive  the  data  by  hard  wire  line  or  through  SINCGARS/FDR) . 

4.2  Processing,  Analysis,  Forecasting,  and  User  Product  Generation 

The  key  to  IMETS  producing  tailored  weather  effects  forecasts  is 
the  timely,  automated  processing  of  current  battlefield  weather 
data/ observations,  together  with  central  or  networked  weather 
facility  products  and  forecasts.  Unique  IMETS  processing  and 
forecasting  capabilities  focus  on  the  production  of  high 
resolution,  local  area  forecast  gridded  data  and  graphic  displays 
that  will  feed  directly  to  IMETS  and  other  user  system  client 
software  applications.  IMETS  ingest,  processing,  analysis, 
forecasting,  product  preparation,  and  dissemination  functions 
reside  on  the  forecaster  and  weather  effects  workstations. 

The  forecaster  workstation  hosts  the  Air  Force  TFS  software  which 
ingests  and  processes  alphaniomeric ,  graphic,  and  gridded  data  from 
AFGWC  and  JMFU/TFC.  The  TFS  provides  theater  weather  forecasts  out 
to  72  hours  or  more,  and  other  standard  TFS  products.  TFS  also 
ingests,  displays,  and  provides  all  STT  METSAT  imagery/data  and 
products.  The  forecaster  workstation  passes  data/products  to  the 
weather  effects  workstation  (WEW)  for  further  processing  and 
generation  of  tailored  products  and  TDAs. 

WEW  models  and  software  applications  include:  the  Battlescale 
Forecast  Model  (BFM) ;  Atmospheric  Sounding  Program  (ASP) ;  IWEDA; 
Weather  Maker  program;  Air  Force  Electro-Optical  TDA;  Night  Vision 
Goggles  TDA;  Army  Electro-Optical  System  Performance  -  Target 
Acquisition  Ranges  TDA,  Thermal  Reversals/Crossover  TDA,  and 
Weapons  Zones  TDA;  Nitelite  and  EOCLIMO  TDAs;  Terrain  Evaluation 
Module  (TEM)  with  Digital  Terrain  Elevation  (DTED)  Level  1;  Joint 
Mapping  Tool  Kit;  and  communications  management  functions.  The  WEW 
ingests  AFGWC  data  and  current  battlefield  meteorological 
observations  to  initialize  the  BFM,  and  can  contour,  streamline, 
and  overlay  BFM  output  on  terrain  map  backgrounds  of  the  area  of 
operations . 
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Detailed  weather  forecasts  tailored  to  the  specific  operational  and 
tactical  environment  will  be  provided  by  IMETS  using  the  BFM.  This 
battle— scale  or  mesoscale  meteorological  model  produces  forecasts 
of  weather  conditions  for  a  more  limited  region  than  the  usual 
large-scale  forecasts  and  includes  the  effects  of  complex  terrain 
on  atmospheric  conditions.  Currently,  the  BFM  is  initialized  by 
the  Navy  Operational  Global  Atmospheric  Prediction  System  (NOGAPS) 
every  12  hours  via  AFGWC.  Eventually,  AFGWC  will  acquire  a  high 
resolution  mesoscale  numerical  weather  prediction  model  that  will 
be  used  for  B^  initialization.  Initializing  the  BFM  with  higher 
resolution  gridded  fields  improves  it's  mesoscale  forecasts.  BFM 
has  a  24  hour  forecast  period  with  forecasts  at  0,  3,  6,  9,  12,  18, 
and  24  hr.  It  has  3  modes  of  area  coverage  and  horizontal 
resolution:  500  x  500  km  area  (grid  size)  at  10  km  resolution  (grid 
point  spacing)  ;  250  x  250  km  area  at  5  km  resolution;  and  100  x  100 
tan  area  at  2.5  km  resolution.  The  BFM  has  high  vertical  resolution 
in  the  lower  atmosphere,  i.e.,  16  vertical  levels  from  the  surface 
to  7  km  AGL,  with  greatest  distribution  of  levels  near  surface. 
The  weather  parameters  it  forecasts  are  wind  speed/direction  and 
gusts,  moisture  (dewpoint,  relative  humidity,  etc.),  temperature, 
pressure,  cloud  cover  (cloud  liquid  water) ,  non-convective 
precipitation,  precipitation  type,  and  snow  amount. 

The  ASP  is  an  automated  weather  hazards  and  Skew  T/Log  P  program 
that  is  coupled  to  the  BFM.  Combining  current  data  and  BFM  output, 
ASP  predicts  atmospheric  moisture,  convection,  and  other  parameters 
anywhere  over  the  BFM's  coverage  area.  Specifically,  it  forecasts 
the  following  weather  parameters  at  all  BFM  grid  points: 
visibility,  cloud  coverage  and  ceiling,  fog,  turbulence,  wind 
shear,  icing,  thunderstorm  probability,  precipitation,  atmospheric 
stability,  and  inversion  layers. 

The  IWEDA  is  a  sophisticated  expert  system  based  on  hundreds  of 
identified  weather  sensitivities  of  Army,  Air  Force,  and  threat 
weapon  systems  and  operations.  It  automatically  identifies  and 
provides  favorable,  marginal,  and  unfavorable  weather-effects 
impacts  based  on  operating  limitations  of  both  friendly  and  threat 
weapons  systems,  their  subsystems  and  components,  personnel,  and 
missions  with  respect  to  time  and  area  of  operation.  IWEDA  is 
tailored  to  specific  tactical  operations  and  missions,  and  provides 
detailed  weather  impacts  information  in  terms  of  what  operations 
and  equipment  are  effected,  as  well  as  when,  where,  and  why  they 
are  effected.  Real  map  backgrounds  are  used  to  overlay  geographic 
weather  impacts  for  particular  weapon  systems,  subsystems,  or 
components.  The  user  can  cpiery  the  program  to  display  detailed 
textual  weather  impact  statements  for  a  specific  location  on  the 
battlefield.  Output  is  in  readily  understood  color  coded  matrices 
=  unfavorable,  amber  =  marginal,  and  green  =  favorable 
conditions) ,  map  overlays,  and  succinct  text  statements.  A  "what- 
if"  wargaming  feature  allows  the  user  to  quickly  look  at 
alternative  miss  ion/ system  setups  and  weather  conditions.  The  BFM 
and  ASP,  together  with  additional  forecaster  inputs,  automatically 
drive  IWEDA.  IWEDA  will  also  be  used  on  other  Army  command  and 
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control  (C2)  systems  to  allow  tactical  customers  to  obtain  weather 
effects  information  at  all  organizational  levels. 

IMETS  will  automate  product  generation  as  much  as  possible  by 
providing  the  WETM  the  tools  to  build,  automate,  store,  and  recall 
products,  and  enable  client  pull  of  data  and  products.  The  WETM 
will  build  product  templates,  which  will  automatically  draw  on  the 
IMETS  database  to  fill  in  template  fields,  and  which  can  be  stored 
and  recalled  for  later  use.  The  forecaster  workstation  and  WEW 
produces  and  disseminates  processed  data  and  products  such  as 
observations,  forecasts,  advisories/warnings,  messages,  graphics, 
imagery,  tailored  weather  effects  information,  and  automated 
weather  effects  TDAs.  Data  and  products  can  be  pushed  to  users  or 
pulled  from  the  IMETS  server  by  client  customers.  The  main  Army 
functional  areas  supported  are  lEW,  fire  support,  maneuver, 
aviation,  lEW,  air  defense,  engineer,  and  combat  service  support. 

4.3  Communications  for  Dissemination 

IMETS  connectivity  to  all  Army  customers/users  is  accomplished 
through  the  ABCS.  IMETS  will  operate  in  the  same  common  operating 
environment  as  the  Battlefield  Operating  Systems  (BOS)  and  C2 
systems  it  serves.  IMETS  data  and  products  can  be  sent  to  or 
retrieved  by  any  BOS  and  C2  system  with  access  to  the  ABCS.  These 
products  are  available  on  the  LAN  through  a  client  server 
architecture.  IMETS  at  highest  echelon  builds  the  weather  database 
and  exchanges  products/ data  with  lower  echelons.  IMETS 
connectivity  to  users  within  each  echelon  is  by  LAN  and  its 
connectivity  between  echelons  is  through  a  Wide  Area  Network  (WAN) 
via  SIPRNET,  WIN,  and  CNR. 

IMETS  ABCS  communications  systems  will  be  primarily  the  Army 
Common-User  System  (ACUS)  MSE/WIN  and  secondarily  the  CNR 
SINCGARS/FDR.  ABCS  components  vary  by  echelon.  At  echelon  above 
corps,  IMETS  will  be  directly  connected  to  the  Battlefield 
Functional  Area  (BFA)  C2  systems  by  the  Army  Global  Command  and 
Control  System  (AGCCS) .  At  corps  and  division,  IMETS  will  be 
directly  connected  to  BFA  C2  systems  and  BOS  by  the  Army  Tactical 
Command  and  Control  System  (ATCCS) .  IMETS  will  be  indirectly 
connected  to  brigade  and  battalion  BOS  and  C2  systems  by  the  Force 
XXI  Battle  Command- Brigade  and  Below  (FBCB2) .  The  AGCCS  is  the 
Army  component  of  the  GCCS  and  provides  the  primary  link  to  joint 
and  combined  systems. 

A  "smart  push"  will  be  used  to  send  routine  data  and  products  to 
systems  with  formal  user  interface  requirements  (UIR)  with  IMETS. 
The  IMETS  server  will  send  gridded  data  (and  other  information)  to 
client  applications  on  BOS  and  C2  systems  directly  from  IMETS  or 
through  the  MCS  (the  tactical  forces  information  system) ,  as 
specified  in  UIR.  Additionally,  a  client-server  "direct  pull"  will 
be  used  for  data/products  which  are  not  routinely  pushed  and  are 
made  available  to  access  as  they  are  needed.  One  form  of  direct 
pull  will  be  via  an  IMETS  homepage/menu  system. 
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GBS  is  a  multicast  system,  allowing  simultaneous  broadcast  of  a 
variety  of  data/products.  The  system  can  provide  these  products  to 
all  users,  a  small  subset  of  users,  or  a  single  user,  depending  on 
how  the  information  is  addressed  and/or  routed.  The  GBS  allows  two 
types  of  uplink:  primary  site  and  mobile  inject.  From  tactical 
injection  points,  IMETS  can  use  GBS  to  smartly  push  data/products 
to  Army  users  with  GBS  ground  receiving  terminals,  particularly 
those  at  brigade  and  battalion.  IMETS  mobile  inject  uplink  peak 
data  rate  for  GBS  will  be  approximately  64  kbps. 

IMETS  will  host  a  homepage  server  and  browser  accessible  via  the 
SIPRNET  to  get  weather  information  and  products  especially  to  users 
without  access  to  a  C4I  interface  and  to  provide  enhanced 
interoperability  with  joint  meteorological  systems.  All  WEW,  STT, 
and  forecaster  workstation  user  products  can  be  saved  to  the  IMETS 
homepage.  The  homepage/menu  will  be  organized  in  two  broad 
categories  by  echelon  and  mission/BOS. 

5.  UMDERSTAMDING  AMD  EXPLOITING  THE  WEATHER 

The  ABCS,  battlefield  visualization,  TDAs,  and  information 
operations  provide  the  understanding  and  means  to  exploit  the 
weather  and  it's  battlefield  effects. 

5.1  ABCS  BOS  and  C2  Systems 

IMETS  enables  the  warfighter  to  understand  and  exploit  the  weather 
by  providing  their  ABCS  BFA  systems  with  products  in  the  form  of 
weather  data  fields,  preprocessed  TDAs,  specially  tailored  output 
fields  for  other  specific  TDAs,  and  -  in  the  far  term  -  automated 
virtual  reality  displays  of  weather  conditions  linked  to  terrain 
displays.  These  products  will  be  utilized  in  maneuver,  targeting, 
and  fire  support;  mission  planning  and  rehearsal  systems,  and 
wargamming  tools;  models  and  simulations;  TDAs;  and  other  weather- 
related  system  applications.  Systems  with  IMETS  supported  software 
applications,  tools,  and  TDAs  will  include:  AGCCS,  ASAS,  DTSS,  MCS, 
Advanced  Field  Artillery  Tactical  Data  System  (AFATDS)  and  MMS, 
Forward  Area  Air  Defense  C3I  (FAADC3I)  system.  Combat  Service 
Support  Control  System  (CSSCS) ,  Automated  Nuclear  Biological  and 
Chemical  Information  System  (ANBACIS) ,  Aviation  Mission  Planning 
System  (AMPS) ,  and  UAV  Mission  Planning  and  Control  Station. 

5.2  Weather  lEW  Information  Operations  (lO) 

The  objective  of  weather  10  is  to  guarantee  and  maximize  our 
capability  to  anticipate  and  exploit  the  weather  to  our  advantage 
while  simultaneously  denying  the  enemy  the  ability  to  use  or 
manipulate  the  weather  to  their  advantage.  This  is  accomplished  by 
protecting  our  access  to,  integrity  of,  and  use  of  our  weather 
information  systems  (INFOSYS) ,  and  to  exploit  and  attack  the 
enemy's  weather  INFOSYS. 

The  three  components  of  weather  10  are  weather  intelligence, 
INFOSYS,  and  C2  warfare  (C2W) .  Weather  intelligence  concerns 
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automated  IPB  weather  analysis,  battlefield  visualization  of  the 
environment/effects,  and  automated  weather  effects  TDAs.  Weather 
INFOSYS  is  comprised  of  IMETS  and  other  weather  support  systems  and 
infrastructure.  Weather  C2W  involves  weather  information  warfare 
consisting  of  weather  C2W-protect  and  C2W-attack.  Weather  C2W- 
protect  entails  plans  and  actions  to  protect  and  secure  our  weather 
support  INFOSYS  (systems,  databases,  computers,  communications,  and 
personnel) .  Weather  C2W“attack  includes  physical  destiruction  or 
disruption  of  the  enemy's  weather  INFOSYS  to  deny  them  weather 
information,  understanding  the  enemy's  weather  INFOSYS  to  intercept 
and  utilize  their  information  and/or  to  influence/modify  their 
weather  picture,  and  limited  tactical  weather  modification. 

6.  OWNING  THE  WEATHER  (OTW) 

OTW  is  the  use  of  advance  knowledge  of  environmental  conditions, 
and  their  effects  on  friendly  and  enemy  soldiers,  systems, 
operations,  and  tactics,  to  gain  a  decisive  advantage  over 
opponents.  It  involves  improving  and  exploiting  the  weather- 
related  technological  advantages  for  our  battlefield  systems  over 
threat  systems,  making  adverse  weather  a  combat  force  multiplier. 
For  decisive  victory,  the  force  exchange  ratio  can  be  increased  to 
approximately  20-to-l  as  a  result  of  both  Owning  the  Night  and  OTW. 

IMETS  is  the  centerpiece  of  OTW.  The  key  ingredients  for  OTW  are 
seamless  communications,  accurate  and  detailed  weather  forecasts, 
and  a  complete  database  of  environmental  sensitivities  (i.e 
critical  threshold  values)  of  friendly  and  threat  equipment, 
weapons  systems  and  operations .  The  ABCS  and  IMETS '  communications 
equipment,  BFM,  and  IWEDA  provide  these  essential  caped^ilities 
necessary  to  anticipate  and  exploit  the  weather  for  tactical 
advantage . 

7 .  CONCLUSION 

The  commander  who  can  best  measure  and  take  advantage  of  weather 
conditions  has  a  decided  advantage  over  his  opponent.  By 
understanding  the  effects  of  weather,  seeing  the  opportunities  it 
offers,  and  anticipating  when  they  will  come  into  play,  the 
commander  can  set  the  terms  for  battle  to  maximize  his  performance 
and  take  advantage  of  limits  on  enemy  forces.  An  effective  "all 
weather"  mission  capability  can  be  achieved  through  the  selection 
of  the  appropriate  mix  of  sensors,  weapons  systems,  and  tactics 
that  give  friendly  forces  the  ability  to  see,  maneuver,  fight  and 
win  in  all  types  of  weather. 

IMETS  satisfies  the  Army's  requirement  for  an  automated  method  of 
ingesting,  processing,  preparing  and  disseminating  weather 
information  and  effects  for  the  warfighter.  IMETS  provides 
commanders  and  their  staffs  with  known  and  predicted  conditions  in 
the  air  and  on  the  ground.  This  enables  them  to  plan  for 
conditions  and  their  effects  before  a  battle,  helping  the  commander 
to  choose  the  best  time,  manner,  and  place  of  engagement. 
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ABSTRACT 

Situational  awareness  and  the  relevant  common  picture  en2d)le 
commanders  to  perceive  changes  in  the  environment  and  then  act  upon 
those  changes  to  produce  a  desirable  end  state.  Battlefield 
visualization  of  weather,  and  its  effects,  is  an  essential  element 
of  J^sttle  command,  and  is  necessary  for  out— thinking  the  enemy  and 
gaining  information  dominance.  Owning  the  Weather  (OTW)  is  the  use 
of  advance  knowledge  of  the  environment,  and  its  effects  on 
friendly  and  enemy  personnel,  systems,  operations  and  tactics,  to 
gain  a  decisive  advantage  over  opponents.  OTW  technology  and 
information  systems  ( INFOS YS)  can  serve  as  a  force  multiplier  by 
providing  commanders  and  their  staffs  with  known  and  predicted 
conditions  and  effects,  enabling  them  to  choose  the  time,  manner, 
and  place  of  engagement.  OTW  involves  a  four  step  process  for 
knowing,  applying,  and  integrating  the  weather;  1)  battlespace 
sensing  and  data  collection;  2)  processing,  forecasting,  einalysis, 
and  dissemination;  3)  battlefield  visualization  and  decision  aids; 
and  4)  combat  weather  exploitation  and  information  operations  (10) . 
The  objective  of  OTW  10  is  to  guarantee  and  maximize  our  ability  to 
exploit  the  weather  to  our  advantage  while  simultaneously  denying 
the  enemy  the  ability  to  use  or  manipulate  the  weather  to  their 
advantage.  This  is  accomplished  by  protecting  our  weather  INFOSYS 
and  attacking  the  enemy's  INFOSYS,  through  weather  C2W-protect  and 
C2W-deny/ influence  operations,  respectively.  By  the  command  and 
control  warfare  (C2W)  methodology  of  data  denial,  we  can  limit 
threat  force  ability  to  know  and  forecast  the  weather  conditions  in 
the  joint  task  force  area  of  operations,  thereby  increasing  our 
ability  to  win  the  information  war  and  out-maneuver  eind  out-fight 
the  enemy .  It  is  crucial  to  deny  the  enemy  access  to 
meteorological  satellite  information  in  order  to  maximize  our 
advantage.  Additionally,  the  enemy  can  be  put  at  a  disadvantage  at 
a  critical  time  eind  place  if  we  could  covertly  modify  their  picture 
of  the  weather,  thereby  influencing  them  to  take  detrimental 
courses  of  action.  And,  possibilities  exist  for  intercepting  enemy 
weather  data  bases  and  transmissions  without  their  knowing.  OTW 
provides  the  capability  to  anticipate  the  differential  impacts  of 
weather  on  friendly  and  threat  capabilities  allowing  commanders  to 
exploit  windows  of  opportunity  created  by  the  weather.  Improved 
weather  information  and  10,  combined  with  knowledge  of  the 
limitations  of  weather  on  warfighting  capabilities,  is  a  powerful 
information  warfare  weapon. 
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1.0  INTRODUCTION 


Situational  awareness  and  the  relevant  common  picture  give 
commanders  the  opportvmity  to  understand  adverse  weather  conditions 
exist  or  are  forecast  on  a  battlescale.  In  the  era  of  Information 
Operations  (10) ,  commanders  can  act  on  this  advanced  knowledge  of 
environmental  conditions  and  to  use  this  knowledge  for  tactical 
advantage  over  threat  forces.  Battlefield  visualization  of 
weather,  and  its  effects,  is  an  essential  element  of  battle 
command,  and  is  necessary  for  out-thinking  the  enemy  and  gaining 
information  dominance.  Owning  the  Weather  (OTW)  is  the  use  of 
advance  knowledge  of  the  environment,  and  its  effects  on  friendly 
and  enemy  personnel,  systems,  operations  and  tactics,  to  gain  a 
decisive  advantage  over  opponents.  OTW  technology  and  information 
systems  ( INFOS YS)  can  serve  as  a  force  multiplier  by  providing 
commanders  and  their  staffs  with  known  and  predicted  conditions  and 
effects,  enabling  them  to  choose  the  time,  manner,  and  place  to 
fight.  The  OTW  vision  describes  a  four  step  process  for 
integrating  weather  into  10:  1)  battlespace  sensing  and  data 
collection;  2)  processing,  forecasting,  analysis,  and 
dissemination;  3)  battlefield  visualization  and  decision  aids;  and 
4)  combat  weather  e^loitation  through  application  to  10.  OTW 
provides  the  capability  to  anticipate  the  differential  impacts  of 
weather  on  friendly  and  threat  capabilities  allowing  commanders  to 
integrate  weather  information  into  the  decision  process  at 
targeting  cells  and  therefore  plan  and  exploit  windows  of 
opportunity  created  by  adverse  weather. 

The  objective  of  OTW  10  has  three  parts.  First,  to  guarantee 
commanders  have  high  technology  capabilities  to  receive  and  use 
surface  and  space  based  weather  observations,  battlescale  weather 
forecasts,  and  weather  effects  on  tactical  operations.  Second,  to 
provide  the  comparative  means  to  know  when  friendly  forces  will 
have  advantage  in  adverse  weather  conditions  before  battles  are 
fought.  Third,  to  deny  the  threat  forces  the  basic  space  based, 
high  resolution  information  and  high  resolution  forecast  technology 
so  they  must  fight  without  advance  knowledge  of  the  effects  of 
adverse  weather  on  their  systems  and  personnel.  This  objective  is 
accomplished  by  protecting  our  weather  INFOS YS  and  attacking  the 
enemy's  INFOS  YS,  through  weather  C2W-protect  and  C2W-deny/ influence 
operations,  respectively.  By  the  command  and  control  warfare  (C2W) 
methodology  of  data  denial,  we  can  limit  threat  force  ability  to 
know  observed  and  forecast  weather  conditions  in  the  joint  task 
force  area  of  operations,  thereby  increasing  our  eibility  to  win  the 
information  war  and  out-maneuver  and  out-fight  the  enemy.  It  is 
crucial  to  deny  the  enemy  access  to  meteorological  satellite 
information  in  order  to  maximize  our  advantage.  Additionally,  the 
enemy  can  be  put  at  a  disadvantage  at  a  critical  time  and  place  if 
we  could  covertly  modify  their  picture  of  the  weather,  thereby 
influencing  them  to  take  detrimental  courses  of  action.  And, 
possibilities  exist  for  intercepting  enemy  weather  data  bases  and 
transmissions  without  their  knowing. 
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2.0  INFORMATION  OPERATIONS  AND  WARFARE 

The  force  multipliers  that  are  embodied  within  the  Information  War 
can  be  defined  as  see  the  enemy,  hear  and  locate  the  enemy's 
command  and  control  (C2)  structure,  disrupt  the  C2  structure  by 
physical  destruction,  deny  hostile  C2  by  januning,  and  communica-he 
and  out  think  the  enemy  using  a  robust  C2  system  and  assured 
seamless  communications.  These  battlefield  fimctions  are  supported 
by  capabilities  that  include  those  listed  in  figure  1. 


INFORMATION  WAR  FUNCTIONS 


OWN  THE  NIGHT 


HEAR  r 

disrupt  ™  SPECTOUM 

n.T^xr<r  OFFENSIVE  CONTROL 

DENY 


KNOW  THE  ENEMY 


OWN  THE  SPECTRUM 
DEFENSIVE  CONTROL 


COMMUNICATE  & 
oumnNK 


DIGITIZATION 
SITUATION  AWARENESS 
COMMON  PICTURE 
HORIZONTAL  INTEGRATION 
OWN  THE  WEATHER 
COMMUNICATIONS 


ASSURED 
SPLIT  BASED 


Figure  1.  Information  war  functions. 


Seamless  Communications  -  User  transpar¬ 
ent  communications  from  National  Command 
Authority  (NCA)  to  the  Individual  soldier. 
Assured  communications  for  split  based  opera¬ 
tions  and  asset  control  from  contractor  to  fox¬ 
hole. 

Own  the  Spectrum  -The  most  critical 
resource  required  to  win  the  information  war 
is  the  electromagnetic  spectrum.  Sensors, 
information  transport  and  smart  weapons- 
smart  munitions  all  require  assured  use  of 
the  spectrum.  At  the  same  time  the  enemy 
must  be  exploited  and  denied  the  use  of 
the  spectrum. 


Digitized  Battlefield-  Common  picture  and 
situation  awareness  implemented  horizontally 
across  battlefield  functional  areas. 

Own  the  Night-  See  and  engage  the  enemy 
beyond  his  range  day/night/all  weather. 

Own  the  Weather—  Operate  smart  weapons, 
smart  munitions  under  all  weather  conditions 
and  provide  the  commander  decision  aids  to 
plan/conduct  all  weather  operations. 
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According  to  FM  100-6  Information  Operations  (1996) ,  10  are 

military  operations,  supporting  battle  command,  that  enable, 
enhance  and  protect  the  commander's  decision  cycle  and  mission 
execution,  while  denying  and  exploiting  the  adversary's,  to  achieve 
an  information  advantage  across  the  full  range  of  operations. 
Information  warfare  (IW)  is  actions  taken  to  preserve  the  integrity 
of  one's  INFOSYS  from  exploitation,  corruption,  or  destruction 
while  at  the  same  time  exploiting,  corrupting,  or  destroying  an 
adversary'  INFOSYS  and  in  the  process  achieving  information 
dominance.  Information  dominance  is  that  level  of  awareness  where 
we  know  more  about  our  battlespace  and  operations  than  an 
adversary. 

3.0  WEATHER  INFORMATION  OPERATIONS 

The  objective  of  OTW  10  is  to  guarantee  and  maximize  our  capability 
to  anticipate  and  exploit  the  weather  to  our  advantage  while 
simultaneously  denying  the  enemy  the  ability  to  use  or  manipulate 
the  weather  to  their  advantage.  In  general,  this  is  accomplished 
by  protecting  our  access  to,  integrity  of,  and  use  of  our  weather 
INFOSYS,  and  to  exploit  and  attack  the  enemy's  weather  INFOSYS. 
There  are  three  main  components  to  weather  information  operations: 
weather  intelligence,  INFOSYS,  and  C2W.  The  remainder  of  this 
paper  will  focus  on  the  military  weather  aspects  of  C2W.  The 
thrust  of  OTW  10  weather  C2W  has  three  parts,  as  sximmarized  in 
figure  2. 


WEATHER  (WX)  COMMAND  AND  CONTROL  WARFARE  (C2W)  COMPONENTS 


WX  C2W  *  Protect  and  secure  our  weather  support 

PROTECT  INFOSYS  (systems,  databases,  computers 

and  communications,  and  personnel) 


WX  C2W  *  Understand  enemy  weather  INFOSYS 

EXPLOIT  *  Steal  and  utilize  enemy  weather  data 


WX  C2W  *  Deny  enemy  weather  information 

ATTACK  *  Modify  enemy  weather  data 

*  Influence  enemy  weather  picture 


Figure  2.  Weather  Information  Warfare 


3.1  Weather  C2W-Protect 

With  threats  to  our  INFOSYS  steadily  increasing,  priority  of  effort 
in  the  near  term  should  be  on  implementing  a  C2W  weather  protect 
plan.  Our  ability  to  observe  and  know  the  weather  conditions  in 
the  battlespace  is  of  critical  importance,  since  the  rest  of  the 
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weather  supporting  process  hinges  on  this.  Tactically,  it  is 
necessary  to  protect  our  capability  to  take  forward  weather 
observations,  and  to  automate  the  relay  of  observations  via  secure 
Army  systems.  Key  satellite  controlled  remote  sensors  must  be 
c^ouflaged,  and  the  use  of  tactical  weather  radar  should  be 
limited.  Weather  observing  systems  and  communications  can  be 
especially  vulnerable  to  enemy  electronic  jamming  countermeasures. 
Weather  data  bases  can  also  be  easily  corrupted. 

At  the  strategic  level,  plans  and  procedures  must  be  established  to 
protect  our  weather  INFOS YS  and  it's  support  structure.  Some 
preventative  actions  include:  a)  identification  of  potential 
vulnerabilities  in  our  weather  INFOS YS  and  potential  threat 
capabilities  and  intentions  to  attack  our  INFOSYS;  b)  use  of  secure 
communication  paths,  e.g.,  SIPRnet;  c)  defending  meteorological 
satellite  downlink  sites,  major  communication  paths/nodes  and 
transmission  sites,  and  centralized  facilities  and  regional  sites; 
and  d)  evaluating  threat  jamming  capabilities  and  providing  for 
alternate  means  when  jammed. 

3.2  Weather  C2W-Exploit 

In  order  to  exploit  the  enemy  one  must  first  know  and  understand 
the  enemy .  Threat  weather  force  structure  and  concept  of 
operations  can  be  deduced  from  their  doctrine  and  exercises. 
Threat  weather  technology  and  capabilities  can  be  determined 
through  infonaation  gathered  from  the  National  Ground  Intelligence 
Center  and  Air  Intelligence  Agency,  and  included  in  the  commander's 
intelligence  estimate  and  essential  elements  of  information.  With 
this  information,  key  threat  weather  capabilities  (e.g. ,  weather 
radar)  can  be  identified  and  targeted  for  exploitation. 

"Weather"  considerations  should  be  included  in  overall  intelligence 
exploitation  procedures.  Knowledge  of  the  enemy's  weather 
communications  architecture  can  provide  opportunities  for 
interception  of  in  clear  and  coded  broadcasts.  Other  intelligence 
sources  should  be  considered  for  the  potential  of  extracting 
additional  weather  information.  Finally,  we  must  provide  the  means 
to  relay  threat  weather  data  to  friendly  weather  teams  in  a  timely 
manner  once  it  is  acquired. 

3 . 3  Weather  C2W-Attack 

A  key  aspect  of  10  and  IW  involves  the  trade-off  between  attacking 
and  exploiting  an  opponent's  INFOSYS,  with  respect  to  the  need  to 
affect  information  versus  denying  information.  The  most  basic  way 
of  attacking  information  is  to  go  after  the  communication  channels. 
However,  direct  destruction  of  your  enemy's  communications  channels 
also  denies  your  access  to  these  channels. 

Similar  to  exploiting  the  enemy,  in  order  to  plan  for  attack  one 
must  fist  know  how  the  adversary  uses  weather  information  and  what 
role  it  plays  in  their  decision  making  process.  It  is  also 
necessary  to  identify  how  the  threat  receives  weather  information 
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and  what  type  of  information.  C2W-attack  weather  involves  not  only 
physical  destruction  and  denial,  but  also  deceiving  the  enemy.  The 
three  main  aspects  of  weather  C2W-attack  considered  here  are  deny, 
influence,  and  change  the  weather. 

3.3.1  Weather  C2W~Attack:  Deny 

This  involves  denying  the  enemy  the  full  picture  of  the  battlespace 
weather  situation  by  destroying  their  weather  observing  capability 
through  physical  destruction  during  a  major  regional  conflict.  Key 
threat  weather  observing  sites  such  as  weather  radars,  satellite 
ground  stations,  and  satellite  communications  relay  nodes  should  be 
included  in  the  joint  task  force  (JTF)  target  sets.  Another  means 
of  denial  is  through  disruption  by  electronic  warfare.  This  can  be 
accomplished  by  jamming  threat  weather  system  communication  paths 
(e.g.,  high  frequency  transmissions  of  weather  broadcasts  in  the 
area  of  operations) . 

The  enemy  can  also  be  denied  weather  information  through  the 
encryption  of  friendly  sources.  The  encryption  capabilities  to  use 
would  be  in  mutual  agreement  with  our  allies.  The  Defense 
Meteorological  Satellite  Program  (DMSP)  provides  secure  data 
transmissions,  and  SIPRnet  and  the  Joint  Worldwide  Intelligence 
Communication  System  (JWICS)  classified  systems  should  be  used  to 
carry  routine  weather  data. 

3.3.2  Weather  C2W-Attack:  Influence 

The  enemy  can  be  deceived  by  hiding  the  real  picture  of  the  weather 
and  in  its  place  paint  and  insert  a  false  weather  picture.  Weather 
deception  considerations  would  be  integrated  into  the  major 
deception  plans  of  the  JTF  commander  and  used  only  occasionally 
with  key  JTF  deception  actions.  Options  include  transmitting  false 
weather  observations  for  enemy  interception  and  the  store/ forward 
and  transmission  of  modified  weather  satellite  imagery  with  false 
timing  (i.e.,  modified  valid  times). 

For  example,  lets  consider  a  role  for  meteorological  satellites  in 
potential  deception  plans.  Prior  to  the  deception  action,  threat 
forces  would  be  allowed  to  directly  receive  in  clear  satellite 
transmissions.  Then  at  a  critical  time,  the  threat's  reception 
would  be  changed  to  acquire  false  imagery  while  friendly  forces 
continue  to  receive  the  true  imagery  by  encrypted  link. 
Modification  of  the  satellite  image  and/or  header  (i.e.,  valid 
date/time)  could  result  in  the  delay  of  enemy  planning  of  attack  or 
defense  strategy,  throwing  threat  timing  off  enough  for  fast 
friendly  strikes  and  delay  of  threat  defensive  actions.  A  scenario 
of  altered  imagery  showing  a  weather  front  and  heavy  clouds  moving 
into  an  area  early  could  enable  a  movement  of  enemy  forces 
expecting  to  be  hidden  from  detection  by  the  cloud  cover  to  be 
caught  out  in  the  open. 


3.3.3  Weather  C2W- Attack :  Change 

It  would  be  of  great  value  to  the  Army  to  acquire  even  a  modest 
capability  to  modify  the  weather,  such  as  clearing  fog  or 
initiating  precipitation  over  a  selected  but  limited  region. 
Currently,  little  progress  is  being  made  in  this  area,  but  in  the 
future,  improved  knowledge  and  understanding  of  the  physical 
processes  affecting  the  weather  may  eventually  provide  a  limited 
capability  to  modify  weather  effectively,  if  only  locally. 
However,  the  military  must  follow  International  agreements  not  to 
modify  weather  in  threat  territory. 

Some  examples  of  the  use  of  a  limited  capability  to  modify/clear 
adverse  weather  conditions  include:  a)  fog  dissipation  at  our 
launch  sites  and  landing  zones  when  it  would  delay  or  stop 
operations;  b)  inducing  precipitation  over  key  areas  to  raise 
ceilings/visibility  and  enable  launches;  and  c)  eliminating  ice  fog 
in  arctic  artillery  operations. 

3.4  Summary  of  Weather  C2W-Attack/Exploit  Options  and  Objectives 

3.4.1  Deny  the  Enemy 

Leave  the  enemy  with  no  weather  picture  or  an  incomplete  picture 
through  denial/disruption  from  electronic  warfare  or  destruction  of 
their  weather  INFOSYS.  With  no  weather  data,  the  enemy  is  denied 
i^^fonnation  needed  to  take  effective  action  and  adjust  his  course 
of  action. 

3.4.2  Influence  the  Enemy 

Trick  the  enemy  with  a  skewed  weather  picture  through  deception  and 
manipulation.  Furthermore,  once  the  deception  is  discovered  by  the 
enemy,  he  is  left  with  an  unreliable  picture  of  the  weather  that  he 
does  not  know  if  he  can  trust  and  will  come  to  distrust  his  weather 
INFOSYS.  With  skewed  weather  information,  the  enemy  can  be 
influenced  not  to  take  action  or  to  take  the  wrong  action,  or  to 
take  action  at  the  wrong  time  and/or  place. 

3.4.3  Exploit  the  Enemy 

Leave  the  enemy  weather  picture  and  INFOSYS  undisturbed  so  we  can 
steal  and  exploit  their  weather  information,  and  so  we  can  know 
what  they  know  about  the  weather  to  help  us  predict  expected  enemy 
^o^^se  of^  actions  based  on  the  weather.  With  in— tact,  undisturbed 
weather  information,  the  enemy  can  take  their  usual,  expected 
actions  based  on  the  weather  that  we  know  about  and  can  anticipate. 

4 . 0  CONCLUSION 

Weather  10  guarantees  and  maximizes  our  ability  to  anticipate  and 
©xploit  the  weather  to  our  advantage,  and  enables  friendly  forces 
to  indeed  ”own  the  weather."  The  enemy  must  be  denied  access  to 
®®^®o^olo9ical  satellite  data  in  order  to  maximize  our  advantage 
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and  attain  information  dominance.  Above  all,  we  must  protect  our 
own  weather  INFOS YS  and  support  capabilities.  With  threats  to  our 
INFOSYS  increasing  daily,  the  top  priority  of  our  weather  C2W 
methodology  is  weather  C2W-protect. 

"Critical  Army  thrusts  such  as  Digitize  the  Battlefield,  Own  the 
Night  and  Own  the  Weather  are  vital  to  winning  the  information 
war. . .  Owning  the  Weather  is  one  of  the  force  multipliers  that  will 
ensure  Land  Force  Dominance  by  giving  the  warfighter  the 
information  he  needs  to  fight  under  all  weather  conditions...  We 
will  Own  the  Night  and  the  Weather  so  we  can  support  day,  night, 
all  weather  operations."  -(General  Jimmy  D.  Ross,  1994) 
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The  Integrated  Weather  Effects  Decision  Aid  (IWEDA): 

Status  and  Future  Plans 


By  David  P.  Sauter 

U.S.  Army  Research  Laboratory 
White  Sands  Missile  Range,  NM  88012 
Ph:  (505)  678-2078  Fax:  (505)  678-3385  <dsauter@arl.mil> 


The  Integrated  Weather  Effects  Decision  Aid  (IWEDA)  is  automated  software  that 
transforms  raw  weather  data  into  weather  intelligence  for  the  battle  space 
commander.  IWEDA  provides  detailed  information  on  the  effect  weather  has  on 
weapon  systems,  subsystems  and  components,  and  operations.  This  information 
is  tailored  to  the  end  user  and  can  provide  detailed  text  explanations  and 
geographic  map  overlays  of  what  and  where  the  impacts  are,  or  simplified  colored 
matrices  that  provide  information  about  them.  Over  the  past  year,  the  Army 
Research  Laboratory  (ARL)  has  made  significant  enhancements  to  the  software 
and  ported  it  from  the  personal  computer  to  a  Sun  Sparc  20  Workstation  under 
XWindows.  These  efforts  primarily  relate  to  the  initialization  of  IWEDA  with 
output  from  ARL  Battlescale  Forecast  Model  (BFM)  and  Atmospheric  Sounding 
Program  (ASP)  and  the  inclusion  of  a  realistic  map  background  at  various  scales. 
Efforts  have  also  been  made  to  include  Navy  and  Air  Force  weapon  systems  in  the 
expansion.  Future  plans  include  the  integration  of  output  from  additional  Army 
decision  aids  to  be  used  as  input  in  the  IWEDA  decision-making  process  as  well 
as  a  rule  editor  that  allows  users  to  tailor  weather  impact  rules  for  their  operations. 

Introduction 

In  1991,  the  Science  and  Technology  Corporation  (STC)  proposed  a  work  effort 
to  the  then  Atmospheric  Sciences  Laboratory  to  integrate  portions  of  three  existing 
automated  weather  effects  tactical  decision  aids  (TDA)  and  create  a  new  IWEDA. 
In  the  subsequent  five  years,  BED  of  ARL,  along  with  their  contractors  STC  and 
the  Physical  Science  Laboratory  of  New  Mexico  State  University,  have  developed 
IWEDA  into  a  powerful  tool  that  allows  battlefield  commanders  to  query  specific 
information  regarding  die  effects  weather  has  on  weapon  systems  and  operations. 
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Because  papers  on  IWEDA  have  been  published  in  previous  Battlespace 
Atmospheric  Conferences  (BAG)  proceedings,  an  exhaustive  overview  of  the 
software  is  not  be  presented  here.  Instead,  the  remainder  of  the  paper  focuses  on 
the  current  status  of  the  software  and  planned  enhancements. 


Current  Status 

Personal  Computer  Version 

The  work  that  began  in  1991  on  the  Army  IWEDA,  was  completed  in  early  1995 
and  contains  71  weapon  systems  (along  with  additional  subsystems  and 
components),  and  over  500  weather  effects  rules.  Because  this  version  of 
IWEDA  contains  systems  also  of  interest  to  the  Air  Force  and  Marines,  the 
software  has  been  requested  and  distributed  to  numerous  tri-service  units 
throughout  the  Department  of  Defense. 

In  1996,  the  Air  Force  expressed  an  interest  in  having  the  BED  modify  IWEDA 
to  be  more  applicable  for  Air  Force  weapon  systems.  As  a  result,  the  Air  Force 
funded  an  effort  to  develop  a  prototype  IWEDA  to  include  13  Air  Force  systems 
(primarily  fixed-wing  aircraft).  BED  collected  the  pertinent  rules  for  these 
systems  and  included  the  threat  anti-air  systems  firom  the  Army  IWEDA.  In 
addition  to  the  data  collection  effort,  the  IWEDA  database  had  to  be  modified  to 
include  several  new  environmental  parameters  that  were  not  a  part  of  the  existing 
IWEDA.  These  parameters  are  flight  level  visibility,  thunderstorm  severity,  and 
time  of  day.  The  software  was  delivered,  installed,  and  Air  Force  personnel  were 
trained  at  the  Air  Force  Combat  Weather  Center  at  Hurlburt  Field,  Florida,  in  July 
of  1996.  Testing  and  evaluation  of  the  software  is  nearly  complete. 

UNIX/XWindows  Version 

Because  the  Army’s  common  hardware/software  platform  for  tactical  field 
operations  at  most  echelons  is  a  UNIX-based  platform,  efforts  were  initiated 
in  early  1995  to  port  and  enhance  the  PC  version  to  a  Hewlett  Packard  700 
series  workstation.  The  fact  that  the  Army’s  Integrated  Meteorological  System 
(IMETS)  is  a  UNIX-based  system  also  weighed  heavily  in  the  decision  to 
rehost  IWEDA. 

Although  the  PC  version  of  IWEDA  provided  an  opportunity  to  solicit  feedback 
on  the  functionality  of  the  software,  it  became  apparent  early  in  the  software 
development  effort  that  there  would  be  at  least  two  significant  deficiencies.  These 
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were  primarily  a  function  of  the  computing  power  and  display  limitations  of  the 
PC  several  years  ago  and  included: 

Manual  weather  data  entry  of  all  of  the  required  IWEDA  input  parameters 
(approximately  30).  While  this  provided  flexibility  for  the  user  in  not  having  to 
rely  on  being  connected  to  a  weather  data  source,  it  proved  to  be  almost 
overwhelming  to  expect  users  to  enter  values  for  all  of  the  parameters  for  all 
forecast  periods  and  regions.  Due  to  the  time  required  for  users  to  enter  this  data 
and  the  limitations  of  the  PC  to  process  hundreds  of  forecast  regions,  IWEDA 
limited  the  user  to  a  maximum  of  eight  forecast  regions  and  six  forecast  periods. 
In  turn,  this  resulted  in  poor  resolution  of  weather  impacts  due  to  the  limited 
number  of  forecast  regions. 

Crude  map  graphics.  Primitive  MS-Windows  tools  were  provided  to  the  user  to 
draw  geographic  features  on  a  blank  map  background.  The  tools  were  limited  to 
lines,  ellipses,  polygons,  and  text.  Because  of  memory  constraints,  only  15  to  20 
of  the  geographic  features  could  be  added  to  any  given  map.  Although  this  did 
provide  a  frame  of  reference  for  the  user  to  determine  the  general  geographic 
distribution  of  the  weather  impacts,  it  was  at  best  adequate  for  the  interim.  As  a 
result,  all  efforts  shifted  to  the  development  of  the  UMX/XWindows  version  in 
1995  (with  the  exception  of  the  Air  Force  funded  PC  effort  in  1996).  This  effort 
proved  to  be  challenging,  and  was  compounded  by  a  mandated  switch  from  the 
Hewlett  Packard  platform  to  a  Sun  Sparc  20  Workstation  in  early  1996,  and 
resulted  in  an  initial  version  of  IWEDA  on  the  new  hardware/software  platform 
in  June  of  1996.  The  significant  features  of  this  software  are: 

Use  of  a  commercial  relational  database  management  system  (RDBMS)  - 
INFORMIX  -  for  all  database  tables  and  queries.  Raw  meteorological  data  is 
stored  in  a  gridded  meteorological  database  (GMDB)  from  which  embedded 
structured  query  language  (ESQL)  calls  are  made  to  create  an  impacts  table  to 
store  the  grid  locations  and  times  for  all  IWEDA  thresholds  that  have  been 
exceeded.  The  GMDB  is  an  INFORMIX  binary  large  object  created  from 
meteorological  data,  output  from  BED’s  BFM,  ASP,  and  WeatherMaker  (a 
separately  developed  software  application  to  allow  a  user  friendly  method  of 
supplementing  the  GMDB  with  the  required  IWEDA  inputs).  ESQL  within  C 
programs  allows  the  user  to  query  the  database  tables  through  a  user  fnendly 
graphical  user  interface  to  determine  what  systems  are  impacted,  and  when. 
Additional  program  functionality  allows  the  user  to  determine  why  there  are 
impacts,  and  where  the  impacts  are  occurring  or  are  forecast  to  occur. 

Replace  the  crude  PC  map  graphics  with  a  realistic  digital  map  background.  The 
maps  are  Arc  Digitized  Raster  Graphics  based  and  allow  the  user  to  choose  from 
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a  variety  of  scales  (including  1:5,000,000,  which  is  ideal  for  displaying  mesoscale 
weather  information  from  the  BFM).  Software  was  written  to  allow  the  user  to 
click  the  mouse  button  on  any  portion  of  the  map  to  query  why  the  system  is 
impacted  at  that  location. 

Incorporate  an  automated  weather  data  ingest  capability  to  preclude  the  user 
from  having  to  manually  enter  all  weather  inputs.  IWED  A  currently  runs  for  the 
same  location  and  time  as  the  BFM/ASP.  After  every  BFM/ASP  run  (typically 
twice  a  day),  the  users  are  prompted  to  update  the  IWEDA  impacts  table.  They 
are  also  asked  whether  or  not  they  would  like  to  run  the  WeatherMaker  application 
to  modify  any  of  the  four  weather  parameters  (total  snow  depth,  blowing  snow, 
blowing  sand,  and  precipitation)  that  are  currently  not  predicted  by  the  BFM  or 
ASP.  This  allows  for  a  much  more  detailed  resolution  of  the  weather  impacts  as 
the  BFM  is  typically  run  on  a  51  by  51  grid  (yielding  2601  unique  points  as 
opposed  to  the  maximum  eight  regions  on  the  PC).  The  BFM/ASP  currently  runs 
to  24  h. 

Support  of  a  client/server  architecture.  IWEDA  can  provide  the  impacts  table  to 
other  Battlefield  Functional  Area  (BFA)  nodes  upon  request,  in  support  of  the 
Army’s  Brigade  Task  Force  XXI.  The  IWEDA  binary  is  located  on  the  individual 
BFA,  which  allows  for  fast  response  once  the  required  INFORMIX  tables  have 
been  loaded  onto  the  client.  It  takes  only  minutes  to  transfer  the  required  tables, 
both  over  a  local  area  network  and  surrogate  data  radios. 

To  expand  the  tri-service  applicability  of  IWEDA,  a  proposal  was  made  to  the 
Office  of  Naval  Research  (ONR)  in  late  1995  to  develop  a  prototype  Navy  version 
of  the  software.  This  IWEDA  would  have  Navy-specific  weapon  systems, 
platforms,  and  rules.  ONR  subsequently  approved  this  proposal  and  funded  BED 
(early  1996)  to  develop  a  UNIX/XWindows  version  for  them.  Efforts  to  date  have 
focused  on  porting/enhancing  the  PC  version  to  the  Sun  Sparc  20  and  collecting 
rules  for  the  Navy  platforms/systems.  At  the  time  that  this  paper  was  written, 
neither  the  commercial  RDBMS  to  use  (INFORMIX,  Oracle,  or  Sybase),  the  map 
server,  or  the  location  for  the  software  to  be  delivered  and  installed,  had  yet  been 
identified.  IWEDA  will  also  be  an  integral  part  of  the  next  major  software 
upgrade  for  the  IMETS  (Block  II).  Testing  and  evaluation  of  the  IMETS  Block 
II  software  and  hardware  begins  in  early  1997. 
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Future  Status 


PC  Version 

There  are  no  plans  to  modify  the  PC  IWEDA  software.  Based  on  limited  BED 
resources,  all  efforts  will  focus  on  the  UNIX/X  Windows  version.  Any  additional 
work  on  the  PC  version  would  have  to  be  supported  by  external  resources. 

UNIX/XWindows  Version 

Although  a  tremendous  amount  of  progress  has  been  made  over  the  last  year  and 
a  half  in  terms  of  the  porting  and  enhancing  of  the  PC  IWEDA  to  the  Hewlett 
Packard  and  Sun  Sparc  20  workstation  environment,  several  critical  tasks  remain 
to  be  completed. 

Design  and  implementation  of  a  dynamic  rule  editor.  As  IWEDA  currently  exists, 
there  is  only  one  set  of  critical  environmental  threshold  rules  for  all  users. 
Although  these  values  serve  their  purpose  as  defaults,  it  became  apparent  early  in 
the  IWEDA  development  that  users  require  a  method  for  tailoring  these  values  for 
their  unit’s  application.  Several  issues  must  be  resolved  before  a  complete  design 
can  be  attempted: 

1.  Are  all  users  allowed  to  edit  the  IWEDA  rules  or  only  a  subset  of  users?  For 
example,  can  every  BFA  within  a  unit  edit  the  rules,  or  only  a  designated  BFA 
who  is  then  responsible  for  creating  and  maintaining  the  common  database  for 
the  unit? 

2.  Is  the  current  client  server  architecture  with  the  INFORMIX  tables  (or  Oracle 
for  the  All  Source  Analysis  System  BFA)  maintained  on  all  BFA,  or  do  we 
change  to  an  architecture  where  all  database  tables  reside  on  the  server  (that 
is,  IMETS)?  If  the  current  architecture  is  maintained,  then  the  rules  table 
modified  via  the  dynamic  rule  editor  must  reside  on  the  individual  BFA 
hardware.  If  not,  IMETS  must  have  some  way  of  maintaining  and  keeping 
track  of  multiple  rules  tables.  A  change  in  architecture  is  considered  because 
software  maintenance  and  distribution  for  the  BFA  becomes  simpler  in  certain 
aspects  with  all  tables  only  on  the  server.  However,  a  drawback  is  that  all  SQL 
IWEDA  calls  are  made  on  the  server.  The  issue  of  connectivity  also  becomes 
more  critical  (if  the  network  or  radio  communications  go  down,  the  BFA  will 
be  unable  to  run  IWEDA). 

3.  Are  user-modified  impacts  flagged  for  display  to  the  user?  That  is,  any 
IWEDA  systems  that  contained  one  or  more  edited  rules  would  appear  in  a 
different  font  color  or  style  for  a  quick  visual  indicator  that  this  system’s 
weather  effects  are  not  based  on  the  default  values.  An  initial  dynamic  rule 
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editor  is  anticipated  for  IWEDA  in  FY98.  A  follow  on  effort  will  focus  on 
allowing  users  to  add  new  systems  to  the  database  in  addition  to  editing  rules 
for  existing  systems. 

Incorporate  quantitative  tactical  decision  aid  output  as  IWEDA  input.  IWEDA 
currently  contains  numerous  rules  that  are  general  indicators  of  weapon  system 
performance.  For  example,  if  visibility  is  less  than  1000  m,  night  vision  goggle 
(NVG)  use  is  flagged  as  marginal.  In  reality,  the  NVG  performance  is  a  more 
complex  function  of  ambient  illumination.  BED  has  an  illumination  module  that 
predicts  ambient  illumination  as  a  function  of  cloud  amount,  cloud  type, 
precipitation,  etc.  This  module  would  be  run  at  all  IWEDA  grids  (51  by  51)  and 
then  compared  to  a  new  NVG  rule  that  relates  performance  to  illumination. 
Likewise,  existing  electro-optics  tactical  decision  aids  could  be  used  to  compute 
target  recognition  and  detection  ranges  at  every  gridpoint  and  used  in  IWEDA 
rules  for  target  acquisition  devices.  The  illumination  module  incorporation  is 
anticipated  in  FY98,  the  EOTDA  incorporation  in  FY99. 

Incorporate  the  IWEDA  map  overlays  into  the  common  map  display  used  by  the 
individual  BFA.  Because  of  initial  time  constraints,  IWEDA  was  coded  to  use  its 
own  map  display,  which  is  separate  from  the  BFA  map  display  window.  As  a 
result,  IWEDA  cannot  insert  any  map  overlays  into  the  stack  of  overlays  shared 
by  other  applications.  Whether  this  is  done  via  the  current  map  display  software 
(the  Army’s  Terrain  Evaluation  Module)  or  the  Joint  Mapping  Tool  Kit  (JMTK) 
will  be  determined  by  the  availability  of  the  JMTK,  and  the  decision  made  by  the 
Army  on  whether  or  not  to  use  JMTK  for  the  BFA.  This  functionality  will  be 
available  in  either  FY97  or  FY98. 

Complete  ONR  IWEDA.  This  is  slated  for  FY97  and  will  include  the  collection 
of  rules  specifically  for  Navy  and/or  Marine  systems  and  platforms.  Tasks  related 
to  the  rewrite  of  the  ESQL  code  for  Oracle  or  Sybase  and  the  map  display  are  also 
likely. 

Continue  support  for  Brigade  Task  Force  XXI.  Although  the  actual  exercise  is  not 
until  March  of  1997,  BED  personnel  have  been  heavily  involved  in  the  software 
integration,  testing,  training,  and  support  since  May  of  1996. 

Division  XXI  Support.  This  will  be  a  follow-up  to  the  Brigade  Task  Force  XXI 
and  is  scheduled  for  the  fall  of  1997.  Early  indications  are  that  there  will  be  no 
time  off  (in  terms  of  BED  support)  between  the  Brigade  and  Division  exercises. 
Division  XXI  support  is  expected  to  continue  into  early  FY98. 
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Summary 


A  software  application  has  been  developed  to  transform  raw  weather  data  into 
weaftier  intelligence  for  the  battlespace  commander.  IWEDA  has  proven  itself  to 
be  an  extremely  valuable  tool  for  users,  as  indicated  by  their  feedback  and  demand 
for  die  application.  Although  IWEDA  has  primarily  Army  weapon  systems  in  its 
database,  the  ONR  work  and  addition  of  a  dynamic  rule  editor  should  allow  for 
expanded  applicability  within  the  tri-service  community.  A  number  of  other  new 
capabilities  will  provide  an  even  more  powerful  tool  for  the  planning  and  analysis 
of  weapon  systems  on  the  battlefield. 
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ABSTRACT; 

The  concept  of  context-sensitive  METOC  decision  support  tools  is  described  using  a  specific 
scenario  and  a  notional  mission  planning  system  as  a  vehicle  for  demonstration.  To  better  under¬ 
stand  the  challenges  of  integrating  METOC  support  into  the  decision-making  process,  a  simple 
conceptual  framework  is  first  presented.  This  framework  is  proving  beneficial  for  hammering  out 
integration  details.  It  categorizes  integration  mto  situational  awareness,  constraint-checldng,  and 
context-sensitive  decision  support  tools. 

As  planners  build  battle  plans,  their  C^  systems  continually  check  constraints  on  what  they  are 
trying  to  accomphsh.  As  the  knowledgebase  detects  problems,  the  application  alerts  the 
planners.  Once  alerted,  they  work  around  the  problems  using  decision  support  tools  at  their 
disposal.  Prototypes  of  possible  METOC  Decision  Support  Tools  are  presented  within  the  flow 
of  the  planning  process  to  demonstrate  how  platmers  would  solve  environmental  problems. 

1.  INTRODUCTION: 

The  goal  of  Meteorological/  Oceanographic  (METOC)  support  is  to  inform  all  levels  of 
command  how  the  natural  environment,  from  the  depths  of  the  ocean  to  the  sxuface  of  the 
sim,  will  impact  operations;  both  ours  and  our  adversaries.  Om  commanders  want  the  op¬ 
portunity  to  exploit  the  natural  environment  wherever  and  whenever  they  can. 

Toward  that  end,  much  work  is  being  done  in  the  weather  community  to  enhance  antici¬ 
pation  skills  and  to  figure  out  automated  ways  of  determining  impact.  The  command  and 
control  (C^)  community  is  also  working  hard  to  automate  the  decision-making  process, 
and  is  making  great  strides;  speed  and  volume  are  increasing  at  an  ever  accelerating  pace. 
Because  of  successes,  without  true,  complete  integration,  weather  support  will  end  up 
being  completely  squeezed  out  of  the  process.  Therefore,  the  difficult  chore  of  integrat¬ 
ing  these  two  efforts  lies  before  us. 

The  question  then,  is,  “How  do  we  infuse  METOC  support  into  the  decision-making 
process?”  What  products  does  the  METOC  support  community  need  to  make  available 
and  where  will  these  products  reside?  To  be  of  any  value,  they  MUST  be  available 
within  the  flow  of  the  decision-making  process.  Hence,  the  logical  step  would  be  to  look 
at  the  process  and  determine  were  in  that  process  METOC  support  could  add  value.  It  is 
from  this  analysis  that  product,  modeling,  and  data  requirements  should  be  determined 
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This  paper  presents  a  METOC  integration  conceptual  framework  that  has  been  proving 
beneficial  for  getting  a  handle  arovmd  the  integration  details.  A  mission  scenario  sug¬ 
gested  by  USAF  Checkmate,  the  famed  Pentagon  think-tank,  is  introduced  and  a  proto¬ 
type  mission  planning  system  is  used  to  demonstrate  how  METOC  support  could  be  part 
of  the  decision-making  process.  This  paper  does  not  present  an  ultimate  solution,  but 
suggests  a  framework  for  discussion  and  future  development  directions. 


2.  A  METOC  Integration  Conceptual  Framework 

Incorporating  METOC  support  into  C^  systems  has  proved  to  be  an  overwhelming  task. 
To  more  easily  manage  the  task,  METOC  integration  requirements  can  be  divided  into 
the  following  three  categories;  situational  awareness,  constraint-checking,  and  context- 
sensitive  decision  support  tools.  All  three  are  necessary  for  effective  support,  but  each 
can  be  worked  on  separately. 

The  most  active  category,  and  hence  closest  to  realization,  is  situational  awareness.  As  it 
stands  currently,  the  main  way  commanders  and  planners  are  kept  apprised  of  the  weather 
is  via  stand-up  briefings.  On  a  cyclic  basis,  weather  duty  officers  use  weather  applica¬ 
tions  to  create  slides  and  then  present  these  slides  to  explain  how  the  anticipated  weather 
may  impact  strategies  and  plans. 

Very  soon,  command  centers  will  have  battlefield  situational  displays  that  show  the 
situation  in  real-time,  on  a  continuous  basis.  It  will  display  terrain,  location  of  fiiendly 
and  enemy  assets,  threats,  and  the  weather  up  on  big  screens  visible  to  all.  Duty  officers 
will  be  able  to  look  up  at  a  screen  to  evaluate  the  current  situation  as  they  need  it. 

Most  systems  under  development  have  requirements  to  overlay  weather  information 
directly  on  their  map  displays.  However,  there  has  not  been  much  progress  making  this 
happen.  The  main  obstacle  has  been  the  incompatibility  of  weather  products  with  the 
Common  Mapping  Program  standards.  The  next  generation  mapping  standard,  the  Joint 
Mapping  Toolkit,  has  substantial  requirements  to  provide  functions  that  will  enable 
systems  to  overlay  weather  information.  Duty  officers  will  eventually  be  able  to  toggle 
overlays  of  “weather”  on  their  situational  maps. 

Situational  awareness  is  a  necessity,  but  depending  only  on  map  representations  has  a 
limitation.  Decision-makers  at  the  force  level  are  making  himdreds  to  thousands  of  deci¬ 
sions  in  short  succession.  There  is  just  too  much  going  on,  too  qxxickly  for  a  human  brain 
to  maintain  the  connection  between  what  is  being  planned,  the  hundreds  of  applicable 
weather-thresholds,  and  the  anticipated  weather.  Even  if  a  person  could  keep  up,  con¬ 
tinually  comparing  map  overlays  with  intentions  is  simply  too  time  consuming.  Hence, 
the  application  will  have  to  maintain  the  links  for  them. 

As  plaimers  define  events,  the  application,  in  the  background,  would  compare  the  weather 
at  the  time  and  location  of  the  event  with  thresholds  specific  to  the  event.  Thresholds 
must  be  a  function  of  things  like  mission,  tactics,  aircraft,  and  weapon  system.  If  the 
weather  is  beyond  a  specific  threshold,  the  application  generates  an  alert  and  displays  it 
on  the  planner’s  screen.  As  with  any  other  threshold  violation  like  running  out  of  fuel  or 
tasking  a  sortie  to  fly  faster  than  capabilities,  the  duty  officer  will  click  on  the  alert  flag  to 
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see  what  the  problem  is.  When  the  flag  is  clicked,  a  dialogue  box  will  pop  up  to  display 
the  reason  or  reasons  for  the  alert.  They  will  have  the  opportunity  to  either  ignore  the 
alert  or  solve  the  problem.  It  is  at  this  point  that  duty  officers  need  tools  available  to  help 
get  aroimd  the  problem. 

One  problem  that  system  developers  must  contend  with  is  information  overload.  It  is 
imperative  that  users  get  only  the  information  necessary  to  solve  the  specific  problem. 
Hence,  it  is  important  tiiat  the  tools  available  be  sensitive  to  the  context  in  which  they  are 
called  upon.  All  of  the  information  presented  must  be  tailored  to  the  problem  at  hand. 
This  is  the  place  for  true,  real-time,  on-the-fly  METOC  support  tailoring. 

Another  important  concept  to  keep  in  mind  is  that  METOC  support  is  only  one  of  the  pa¬ 
rameters  mission  planners  have  to  contend  with.  Hence,  it  is  necessary  to  think  of 
METOC  support  as  only  part  of  the  decision  support  toolkit.  Consequently,  it  is  better  to 
talk  about  context-sensitive  decision  support  tools  with  integrated  METOC  information. 

3.  DEMONSTRATION 

The  best  way  to  describe  this  concept  of  context-sensitive  decision  support  tools  with  in¬ 
tegrated  METOC  information  is  to  propose  a  scenario,  plan  a  mission  to  meet  the  objec¬ 
tive,  and  describe  the  tools  as  they  pop  up.  The  scenario  presented  was  inspired  by  a 
briefing  Col  Bob  Plebanek  gave  while  he  was  at  HQ  USAF  Checkmate  Division 
(Plebanek,  1996).  His  strategy-to-task  guidelines  provided  the  fi-amework  for  creating  a 
realistic  objective  with  constraints  that  would  require  four  of  the  five  components  (Air 
Force,  Army,  Navy,  and  Special  Forces)  and  a  Combined  Force  asset  (United  Kingdom) 
to  work  together. 

The  objective  is  to  supply  10  tanks,  6  helicopters,  and  a  water  storage  capability  to  a  site 
prepared  by  a  Special  Operation  Forces  (SOF)  unit  at  a  coastal  location  near  the  Forward 
Edge  of  Battle  Area  (FEB  A).  As  part  of  the  mission  planning  challenge,  the  force-level 
planners  must  locate  the  SOF  site,  the  supplies,  and  a  means  to  transport  them.  A  con¬ 
straint  levied  on  the  plan  is  that  the  supplies  must  be  collected  at  a  naval  port  and  deliv¬ 
ered  to  the  SOF  unit  via  cargo  ship.  A  C-130  must  bring  the  water  storage  system  and 
tanks  must  transport  themselves  to  the  port.  The  cargo  ship  will  have  to  be  protected 
from  an  en  route  threat  with  an  available  U.K.  destroyer  and  attack  submarine.  Finally, 
one  of  the  six  Apache  helicopters  must  eliminate  a  shore  threat  along  the  way. 

Rome  Laboratory  has  been  developing  a  mission  planning  mockup  to  describe  compli¬ 
cated  concepts  without  having  to  be  bogged  down  with  complicated  systems.  As  with  all 
systems  currently  being  developed,  this  mockup  is  graphics  based  with  pull-down 
menus,  pop-up  lists,  and  hot-buttons  to  accomplish  tasks.  The  mockup  demonstrates  how 
a  planner  at  the  force  level  (Joint  Task  Force  Level)  would  go  about  tasking  assets  to 
meet  objectives  and  ultimately  strategies. 
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Identify  What  We  Have  to  Work  With 


Siqqjly  site 

USAF  airbase 

with  TWDS  water 

with  C-130 

storage  equipment 

tr^ispOTts 

UK  fast  attack  submarine 
and  Destroyer 


e  Match  case 

Whole  wwids  only 


Cancel  Help 


Figure  1:  Mission  Planning  System 
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Figure  2:  Drag,  Drop,  and  Fill  in 


The  first  step  toward  building  a  plan 
that  would  meet  the  defined  objec¬ 
tive  is  to  search  for  resources. 
Clicking  on  Edit  then  Find  would 
bring  up  tools  to  search  pertinent 
data  servers  for  the  items  needed. 
The  results  of  the  searches  would 
be  displayed  on  the  map  as  the  items 
are  found  (Figure  1). 

Clicking  on  Create  then  Add  Event 
would  bring  up  two  features:  an 
Event  Widget  used  to  graphically 
anchor  event  hooks  (circles)  to  map 
features,  and  a  mission  time  line 
used  to  define  the  events  (Figure  2). 
A  planner  would  click  on  the  event 
widget  and  drag  the  eircles  on  to  the 
appropriate  glyph  on  the  map.  For 
this  particular  scenario,  dragging  the 
widget  on  to  the  airlift  base  gl3T)h 
would  anchor  the  first  eircle  there. 
The  next  step  would  be  to  drag  the 
widget  to  the  airfield  with  the 
TWDS.  The  second  circle  would 
latch  onto  that  airfield  glyph.  Con¬ 
tinuing,  the  widget  would  be  an¬ 
chored  to  the  naval  port  and  then 
back  to  the  original  airfield  to  eom- 
plete  the  eircuit. 


Define  Events 


Figures:  Airlift  TWDS 


Clicking  on  the  event  place-keepers 
in  the  mission  timeline  would  dis¬ 
play  pop-up  menus.  Choices  of¬ 
fered  in  these  menus  would  only  be 
those  that  are  available  to  the  plan¬ 
ner  at  the  time.  For  example,  in  Fig¬ 
ure  3,  C-5s,  C-130s,  and  C-141s  are 
stationed  at  the  launch  airfield  but 
only  “C-130”  is  highlighted  as  a 
possible  ehoice.  This  is  because  all 
of  the  C-141s  are  tasked  and  the  ap- 
plieation  knowledgebase  determined 
that  C-5s  ean  not  land  at  one  of  the 
airfields  that  was  anchored. 


86 


Once  a  mission  is  defined,  clicking 
on  Parameters...  would  bring  up  a 
timeline  chart  showing  how  impor¬ 
tant  mission-parameters  are  resolv¬ 
ing  (Figure  4).  Note  that  as  this 
mission  was  defined,  an  alert  flag 
appeared  on  the  mission  timeline 
(and  subsequent  parameter  time¬ 
line).  In  this  case,  a  “W”  signifies 
that  weather  at  the  time  and  location 
of  a  critical  event  is  beyond  a 
threshold  of  that  event  (as  specified 
in  the  system’s  knowledgebase). 
The  application  is  constantly 
checking  the  constraints  on  what  is 
being  accomplished. 

Also  note,  however,  that  the  system 
doesn’t  directly  intervene  and  keep 
the  planner  from  continuing  on 
without  the  problem  being  resolved. 
This  feature  is  a  result  of  user  re¬ 
quirements  and  feedback.  Applica¬ 
tions  must  allow  planners  to  ignore 
warnings  and  constraint  violations. 
This  reasoning  is  also  why  the  alert 
is  registered  as  a  flag  and  does  not 
go  immediately  to  an  intrusive  dia¬ 
logue  box. 

In  this  demonstration,  the  planner 
chooses  not  to  ignore  the  weather 
problem  and  clicks  on  the  alert  flag. 
Only  then  does  a  dialogue  box  pop 
up  to  explain  that  there  is  severe 
turbulence  somewhere  en  route 
(Figure  5).  Clicking  on  the  map 
toggle  would  overlay  the  area  of  of¬ 
fending  weather  on  the  map  (Figure 
6).  Realize  that  the  turbulence  fore¬ 
cast  displayed  is  specifically  for  a 
C-130  airframe. 

One  can  argue  that  having  the 
weather  on  the  map  at  the  beginning 
of  this  process  would  provide  situa- 


Figure6:  Pull  Up  Help 
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tional  awareness  and  save  this  step.  However  there  are  two  barriers  to  doing  it  that  way. 
First,  users  insist  that  displayed  information  be  kept  to  a  minimum  to  mitigate  clutter.  The 
second,  and  more  poignant,  barrier  is  that  imtil  the  planner  defines  the  event,  weather  im¬ 
pact  is  indeterminable.  This  is  a  key  consideration  when  discussing  tailoring  METOC 
support  for  the  warfighter;  especially  outside  of  the  decision-making  process.  Until  the 
event  is  defined,  there  is  no  way  to  specify  impact. 

But  once  a  planner  defines  a  mis¬ 
sion  and  the  computer  sounds  the 
alert,  how  do  they  get  around  the 
problem?  Clicking  on  Kneed 
would  pull  up  a  tool  that  would 
help  make  a  decision  to  do  just  that. 
One  important  aspect  that  must  be 
dealt  with  is  that  weather  is  four 
dimensional  (with  time  the  fourth 
dimension).  A  map  shows  two  di¬ 
mensions,  but  some  of  the  simpler 
decisions  could  use  a  1-D  tool  like 
that  shown  in  Figure  7.  The  con¬ 
straints  would  be  highlighted  on  the 
scroll  line  (darker  shading)  and  a 
planner  would  move  the  scroll  bars 
until  the  flight  path  is  outside  of  the  hazardous  space.  As  shown  here,  the  planner  could 
change  altitude,  time,  or  route  to  solve  the  problem.  Clicking  Apply  would  enter  the 
changes  into  the  system  and  display  the  results  on  the  map  and  mission  timeline. 

Since  we  have  a  2-D  screen,  perhaps  we  should  strive  for  2-D  tools  as  much  as  possible. 
An  altitude  by  time  chart,  as  shown  in  Figure  8,  would  allow  the  planner  to  solve  the 
problem  with  one  click  and  drag  of  the  cross-hair.  A  time  scroll  on  either  the  tool  win¬ 
dow  or  the  map  window  would  allow  the  planner  to  manually  animate  the  hazards  to  see 

when  the  hazard  would  be  out  of 
the  way.  The  two  windows  would 
be  dynamically  linked  so  that  a 
change  made  in  one  would  be  re¬ 
flected  in  the  other.  For  example, 
moving  the  cross-hair  in  the  verti¬ 
cal  cross-section  along  the  time 
axis  would  alter  the  shape  of  the 
area  represented  on  the  map. 

Perhaps  a  more  expedient,  more 
practical  tool  would  be  a  3-D  repre¬ 
sentation  of  the  hazards  and  a  time 
scroll.  NO.^,  Environmental  Re¬ 
search  Laboratories,  Forecast  Sys- 
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Figure  7:  1-D  Tool  Example 
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terns  Laboratory,  Aviation  Division,  Aviation  Gridded  Forecast  System  Branch  is  work¬ 
ing  on  3-D  visualizations  of  aviation  hazards.  They  are  using  AVS®,  from  Advanced 
Visual  Systems  Inc.,  as  a  user-interface  for  their  Aviation  Impact  Variable  (ATV)  Editor 
(ATV,  1996).  AIV  views  hazards  in  1, 2  and  3  dimensions. 

What  must  be  done  to  make  this 
product  useful  to  the  decision-maker 
is  to  incorporate  it  within  the 
system  (Figure  9).  As  described 
previously,  all  threats  must  be  in¬ 
cluded  in  the  view;  the  weather 
“threats”  would  be  just  part  of  the 
overall  threat  environment.  As  de¬ 
picted  in  Figure  9,  the  planner 
would  see  weather  hazards  along 
side  enemy  air  defense  hazards 
(bubble).  In  this  window,  the  plan¬ 
ner  would  click  and  drag  the  cross¬ 
hair  to  an  open  area.  If  necessary, 
the  planner  would  manipulate  ori¬ 
entation  toggles  to  get  the  best  view 
(Pitch,  Yaw,  Zoom,  and  Time).  Clicking  on  Apply  would  change  the  event  widget  and 
mission  timeline  accordingly. 

Note  that  when  the  route  got  longer,  a  fuel  alert  appeared.  Clicking  on  this  flag  would 
pop  up  an  options  list  or  a  decision  support  tool  that  would  help  plan  around  this  prob¬ 
lem.  Some  of  the  obvious  choices  are  to  add  extra  fuel  at  the  first  or  second  airfield  or 
via  an  air  re-fueling.  A  not-so-obvious  choice  would  be  to  find  an  altitude  (and/or  time) 
with  more  favorable  winds.  Critical  wind  factors  represented  in  Figure  9  would  then  be 
necessary.  Having  the  application  constraint-check  altitudes  for  the  most  favorable  winds 
on  a  consistent  basis  and  then  prompt  for  change  (or  automatically  adjust)  would  be  a 
tremendous  force  multiplier!  Over 
the  coiuse  of  an  operation,  fuel 
savings,  both  financially  and  logisti- 
cally,  would  be  significant.  Poten¬ 
tially,  one  small  operation  could  pay 
for  the  total  weather  integration  ef¬ 
fort. 

Fast  forward  through  the  planning 
process  to  the  next  to  last  scenario 
task;  destroying  the  shore  threat.  As 
with  the  airlift  process,  a  planner 
would  click  on  Create  then  Add 
Event  to  bring  up  an  Event  Widget 
and  a  Mission  Timeline,  and  then 


Anchor  Apache  Hooks  and  Define  Events 


Figure  10:  Drag,  Drop,  and  Fill  In 


Work  Around  Constraints 

[  "  ;.DK:ONmCTOJOFnON$  1  Ms 

'  1  Cancel  |  |  .  Help...  :.  |  ; 

Figure  9: 3-D  Total  Integration 

89 


Define  Strike  Target 


Hie  "  ..^  Edu  ^iView  ■  ■■,:He3n 

1  Apache  |®C0  <5®  ©  ®  1 

1  © 

i 

Figure  11:  Select  Target  Circle 


^  SbowEWPIs 
<>  HidcDMPb 


- - ^ 

ObjecdvcNO  3.5.2 
(destroy  bridge)  1 

Options: 

• 

it'’ r.rr>iim"l 

1 

EalL&«9 

IBBBI 

8  1  nnl 

[ran 

fCaricen  f  Jleb'.:  I 


. bMPi0>'lT5| 


0427011058 


Gategoiy: 


Objective: 

I  Damage  *^  : 


iOO 


Width  (m): 


10 


l^gth(m): 


40 


□ 


Elevadoa 

(m-MSL): 


Figure  12:  Select  DMPI  and  Weapon 


drag,  drop,  and  fill  to  build  an 
Apache  mission  (Figure  10). 

The  planner  must  also  build  the  de¬ 
tails  of  the  strike  against  the  target. 
Simply  by  clicking  on  the  event  cir¬ 
cle  and  selecting  Strike  Target  from 
the  pop-up  menu  (Figure  11),  the 
planner  can  pull  up  a  target/  weapo- 
neering  tool  (Figure  12). 

The  tool  represented  in  Figme  12 
integrates  target  intelligence  into  the 
decision-making  process.  Notice 
that  the  planner  has  target  imagery, 
target  details,  and  weaponeering  in¬ 
formation  only  a  click  away.  The 
tool  would  allow  planners  to  query 
the  target  database  to  gamer  the  in¬ 
formation  they  need  to  optimize  the 
plan.  Ultimately,  they  are  looking 
for  optimum  attack  directions,  time 
over  target,  air  deconfliction  with 
other  missions,  weapon  choice,  and 
threat  mitigation  or  elimination  re¬ 
quirements. 

When  a  planner  enters  enough  detail 
(e.g.,  times,  locations,  weapon  type, 
etc.)  for  the  application  to  determine 
constraints,  alert-flags  and  high¬ 
lighted-options  would  appear. 
Eventually  the  planner  will  run  into 
problems  that  require  resolution. 
This,  again,  is  where  context-sensi¬ 
tive  decision  support  tools  come 
into  play. 

As  depicted  in  Figure  13,  selecting 
target  points,  weapon,  and  time  over 
target  triggers  a  threshold  violation. 
When  a  planner  clicks  on  Kneed,  a 
window  with  an  appropriate  deci¬ 
sion  support  tool  would  pop  up. 
What  will  it  look  like? 


Figure  13:  Work  Around  Problem 
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4.  The  Future 


Answering  questions  like  this  one  will  help  the  weather  community  determine  productive 
research  paths  to  follow  and  help  the  community  integrate  METOC  support  in  places 
and  ways  that  enhance  the  decision-making  process.  These  answers  will  also,  collec¬ 
tively,  answer  the  bigger  question,  “How  do  we  infuse  METOC  support  into  the  decision¬ 
making  process?”  The  overall  strategy  is  to  break  the  effort  into  three  categories  of  inte¬ 
gration:  situational  awareness,  constraint-checking,  and  context-sensitive  decision  sup¬ 
port  tools. 

First,  warfighters  need  to  be  aware  of  the  situation.  Situational  awareness  displays  are  an 
important  feature  of  all  command  centers.  Once  the  planning  process  starts,  planners 
need  help  making  sure  that  what  they  are  building  is  doable.  Hence,  computer  constraint¬ 
checking,  in  the  background,  on  a  non-interference  basis,  alerting  by  exception,  is  a  ne¬ 
cessity.  Indeed,  constraint-checking  is  an  integral  part  of  modem  strategies.  However, 
what  the  warfighter  does  once  the  application  sounds  an  alert  that  a  threshold  has  been 
violated  has  not  been  adequately  addressed. 

The  obvious  step  is  to  provide  the  warfighter  with  interactive  windows  displaying  all  of 
the  necessary  information  tailored  to  the  problem  at  hand;  all  integrated  within  the  plan¬ 
ning  process.  In  other  words,  they  need  context-sensitive  decision  support  tools.  To  be 
of  any  use,  these  tools  must  contain  information  fused  from  ALL  functions  (e.g.,  intelli¬ 
gence,  weather,  logistics,  tactics,  and  command  guidance). 

The  USAF  development  program.  Theater  Battle  Management  Core  Systems 
(TBMCS)  and  specifically  the  Force  Level  Execution  System  (FLEX),  are  looking  to  in¬ 
corporate  these  ideas.  The  requirements  have  been  established.  However,  priorities  for 
the  System  Program  Office  are  such  that  there  are  currently  minimal,  if  any,  resources 
available  to  tackle  METOC  support  integration  problems. 

It  would  be  extremely  helpful  if  Rome  Laboratory  could  provide  the  contractors  with  a 
collection  of  functions,  models,  datasets,  etc.  that  they  could  quickly  incorporate  into 
their  systems.  The  Acquisition  Meteorology  Office  envisions  a  METOC  Toolkit  not  un¬ 
like  the  Joint  Mapping  Toolkit  currently  under  development.  Like  Rome  Laboratory’s 
Common  Mapping  Program,  the  Joint  Mapping  Toolkit  will  be  a  library  of  compatible 
functions  that  a  programmer  can  simply  match  parameters  and  drop  into  the  code.  The 
Electro-Optical  Systems  Atmospheric  Effects  Library  (EOSAEL),  the  Master  Environ¬ 
mental  Library  (MEL),  and  other  cataloguing  efforts  currently  imderway  will  help  con¬ 
siderably,  but  none  of  them  yet  provide  the  plug-and-play  capability  that  contractors  re¬ 
quire  and  a  toolkit  would  provide. 

As  of  the  publishing  of  this  paper,  contractors  are  not  being  given  the  resources  to  figure 
out  METOC  support  integration  on  their  own.  If  METOC  support  is  to  remain  a  viable 
contributor  to  the  ever  accelerating  decision-makmg  process,  we  must,  as  a  community, 
either  find  the  funds  to  beef  up  contractor  resources,  or  develop  the  answers  ourselves  and 
provide  them  with  standardized  plug-and-play  functions. 
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ABSTRACT 

For  investigations  in  aircraft  remote  sensing  and  in  the  description  of  tactical  decision 
aids  for  military  operations  it  is  usually  assumed  that  solar  radiation  is  of  little  significance  in  the 
thermal  mfimred  portion  of  the  electromagnetic  spectrum.  For  many  situations  in  atmospheric 
radiation  models  this  is  true  becaiwe  the  Earth's  surface  consists  of  materials  with  diffuse  or 
nearly  diffuse  reflectance  properties.  This  is  certainly  not  true,  however,  for  water  bodies  as  the 
surface  is  then  specular  or  nearly  specular,  depending  upon  wind  conditions.  As  a  result,  the 
ocean  can  reflect  a  large  amount  of  radiation  into  an  infrared  sensor,  thereby  greatly  reducing  the 
effectiveness  of  that  system.  In  this  paper  we  present  the  results  of  computations  of  the  directly- 
reflected  solar  radiation  fi:om  a  smooth  ocean  surface  in  terms  of  sun  angle,  atmospheric  optical 
thickness,  and  wavelength.  The  importance  of  the  solar  effect  is  clearly  indicated  in  various 
plots.  As  a  result  of  this  work  it  is  clear  that  one  can  no  longer  neglect  the  effect  of  direct  solar 
radiation  in  the  thermal  infiared  part  of  the  spectrum,  especially  for  atmospheric  radiation  models 
which  use  infiared  sensors  in  ocean  operations. 


1.  INTRODUCTION 

The  extraterrestrial  solar  irradiance  has  a  peak  value  in  the  visible  part  of  the  spectrum 
between  0.46  and  0.48  pm  wavelength  with  only  about  0.4  %  of  the  solar  radiation  lying  in  the 
region  beyond  5  pm.  On  the  other  hand,  a  20°  C  blackbody  has  a  peak  near  10  pm.  It  is 
interesting  to  compare  the  solar  irradiance  at  the  Earth’s  surface  (with  no  atmospheric 
attenuation)  and  the  irradiance  of  the  blackbody  at  this  wavelength.  Thus, 

Solar  irradiance  (5770  K)  =  0.2858  Watts  m  pm 
.  Blackbody  irradiance  (20°  C)  =  28  Watts  m  pm 

It  is  apparent  that  the  irradiance  firom  the  blackbody  is  about  100  times  the  solar  value  for  a 
thermal  infim’ed  wavelength  of  10  pm.  The  radiances  (~  irradiances/solid  angle),  however,  are 
totally  different,  i.e., 
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Solar  radiance  =  4205  Watts  m  sr  ’  |iin  ■' 

Blackbody  radiance  =  9  Watts  m  sr ''  jjin 

with  a  very  large  solar  value  as  a  result  of  the  small  solid  angle  of  the  Sun.  It  is  primarily  for  this 
reason  that  the  radiation  reflected  from  a  nearly  specular  surface  such  as  the  ocean  is  so 
important  in  the  thermal  infrared  part  of  the  spectrum. 


2.  RADIOMETRIC  QUANTITIES 

The  radiance  reflected  from  a  surface  with  bistatic  reflectivity  r(Q,Q')  is  given  by 

i(n)= (1) 

23C 


for  any  arbitrary  input  radiation  field  integrated  over  the  upper  hemisphere.  The  “total”  radiance 
from  a  general  surface  with  a  unidirectional  solar  input  is  given  by 

L(Q.)  =  E,r(Q,h,)T+  (2) 

Iff 

where  is  the  extraterrestrial  solar  irradiance  at  the  top  of  Earth’s  atmosphere,  T  is  the 
transmittance  through  the  atmosphere  and  Bis  the  thermal  radiance  from  a  surface  with  an 

effective  emissivity  The  second  term  in  equation  (2)  is  the  contribution  due  to  the 

integrated  sky  radiation.  The  corresponding  radiance  from  a  specular  surface  with  a  finite  solid 
angle  for  the  Sim  is 

A 

in  the  direction  of  the  Sun  with  a  Fresnel  reflectance  of  PpiOi).  Thus,  in  the  limit,  as  a  rough 
surface  approaches  a  smooth  surface  the  bistatic  reflectivity  becomes  the  Fresnel  reflectance 
multiplied  by  the  Dirac  delta  function  for  a  unidirectional  source.  In  this  equation  the  emissivity 
is  equal  to  one  minus  the  Fresnel  reflectance,  whereas  the  effective  emissivity  in  equation  2  is 
not  equal  to  the  one  minus  the  bistatic  reflectivity.  Therefore,  the  solar  radiances  for  a  “point” 
Sun  and  for  the  actual  Sun  with  a  finite  solid  angle  are  given  by 

Ls^ (Q)  =  EqS(Q-Q^)  Infinite  for  a  “point”  Sun  (4) 

^  E 

(^)  =  =  4205  Watts  m  sr  pm  '*  Actual  Sun  (5) 
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where  the  numerical  value  for  the  finite  Sun  is  for  a  wavelength  of  10  jim  with  an  effective 
photospheric  temperature  of 5770  K. 


3.  BISTATIC  REFLECTANCE  MODEL 

The  model  for  the  sea  surface  that  will  be  used  is  one  developed  by  Yoshimori  et  al. 
[1, 2,3,4]  in  a  series  of  papers  produced  in  recent  years  to  characterize  the  wave  structure  of  a 
wind-roughened  water  surface.  A  critical  parameter  in  their  model  is  the  slope  variance  of  the 
water  waves,  defined  as 


r"  =  \^{co)[k{ct))fda) 
0 


(6) 


where  'P(n))  is  the  so-called  Joint  North  Sea  Wave  Project  (JONSWAP)  spectrum  for  water 
waves  as  described  by  Hasselmann  et  al.  [5].  The  quantity  k{(o)  is  the  wave  propagation 
constant  which  is  related  to  the  angular  fi-equency  by  the  dispersion  relation 


a)(jk)  = 


g  Tk 
T  +  — 

<k  p  J 


ni/2 


taxHaihk) 


(7) 


where  g(=  9.80665  m  s*^  )  is  the  acceleration  due  to  gravity,  T  (=0.07353  N  m*')  is  the  surface 
tension,  /?(=  1024.75  kg  m‘^)  is  the  water  density,  and  h(=  100  m)  is  the  water  depth.  In 
addition,  we  will  assume  a  water  salinity  of  35  parts  per  thousand  and  a  surface  water 
temperature  of  20°  Celsius.  The  JONSWAP  spectrum  is  depicted  in  Fig.l  for  three  wind  speeds 
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Fig.  1.  JONSWAP  spectrum  for  various  wave  speeds  (m  s  ’ )  for  a  fetch  of  40  km. 
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and  for  a  fetch  (range  for  which  the  wind  blows  uniformly  over  the  surface)  of  40  kilometers. 
Likewise,  Fig.  2  illustrates  die  dependence  of  the  square  root  of  the  slope  variance  (y)  on  the 
wind  speed.  It  should  be  noted  that  this  quantity  is  very  sensitive  to  the  wind  speed  for  low 
values  between  zero  and  ~  1  meter  per  second. 


Fig.  2.  Square  root  of  the  wave  slope  variance  vs.  wind  speed  (m  s‘‘ ). 


Using  Gaussian  distributions  for  the  wave  slopes  in  both  the  x  and  y  directions  on  a 
horizontal  sur&ce,  Yoshimori  et  al.  [4]  developed  a  closed-form  expression  for  the  bistatic 
reflectivity  of  the  water  surface  for  a  point  source  of  radiation.  On  the  other  hand,  Zeisse  [6] 
developed  a  formulation  to  account  for  a  finite  solid  angle  source.  We  have  used  these  formulas 
to  compute  the  bistatic  reflectivity  for  water  at  a  wavelength  of  10  pm  with  a  complex  index  of 
refraction  of  1.210  -  0.055  i  for  the  partictilar  case  when  the  solar  zenith  angle  is  equal  to  the 
nadir  view  angle  of  85  degrees.  The  results  are  illustrated  in  Fig.  3.  The  agreement  is  excellent 
for  wind  speeds  firom  20  m  s*‘  down  to  about  0.1  m  s‘‘  but  as  the  wind  speed  decreases  to  zero 
there  is  a  discrepancy  as  the  “delta-function”  approximation  increases  without  bound.  The  exact 
value  for  a  wind  speed  of  zero  is  known  for  the  “finite  Sun”  case  however,  since  it  is  the  Fresnel 
reflectance  divided  by  the  solid  angle  of  the  Sun,  i.e., 

r(Q,no)  =  Pr  (^o)  / =  7707  sr  Finite  Sun  (8) 

The  exact  calculation  was  performed  down  to  a  wind  speed  of  0.01  m  s'*  but  computations  for 
lower  wind  speeds  were  discontinued  because  of  the  excessive  computer  time  required. 
Nevertheless^,  the  plot  does  clearly  show  that  the  delta-function,  closed-form  method  of 
Yoshimori  et  al.  [4]  is  valid  throughout  a  broad  range  of  wind  speeds. 
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Fig.  3.  Comparison  between  the  delta-function  method  of  Yoshimori  et  al.  (points) 
and  the  exact  formula  (solid  line)  for  the  bistatic  reflectivity.  Solar  zenith  angle  is 
equal  to  the  nadir  view  angle  =  85®. 

4.  RADIATION  COMPUTATIONS 

In  a  manner  similar  to  that  for  the  bistatic  reflectivity,  Yoshimori  et  al.  [4]  also  developed 
a  formulation  for  the  effective  emissivity  of  a  water  surface  by  integrating  the  Fresnel  reflectance 
over  the  distribution  of  wave  slopes.  Because  emissivity  only  depends  upon  the  outgoing 
direction  the  formulation  is  not  as  complicated  as  for  the  bistatic  reflectivity.  Multiplying  the 
effective  emissivity  by  the  Planck  radiance  for  a  blackbody  at  a  temperature  of  20®  C  allows  us 
to  compute  the  thermal  radiance  from  the  water  surface.  It  is  depicted  in  Fig.  4  as  a  function  of 
the  wind  speed  for  the  large  nadir  view  angle  region  from  70®  to  90®.  As  the  viewer  looks 
straight  down  at  the  surfrce  the  radiance  is  about  8  Watts  m'^  sr ''  pm  *  but  for  large  nadir  angles 
there  is  significant  departure  in  terms  of  the  wind  speed.  It  should  be  noted  that  the  viewer  is 
assumed  to  be  at  or  near  the  surface  so  that  atmospheric  attenuation  can  be  neglected. 

The  more  interesting  situation  is  for  the  bistatic  reflectivity  as  a  function  of  the  incident 
Sim  angle  and  the  wind  speed,  U  expressed  in  m  s  ' .  Figure  5  illustrates  the  variation  of  the  sum 
of  the  reflected  radiance  and  the  emitted  radiance  in  terms  of  wind  speed  for  a  large  nadir  view 
angle  of  89®.  In  all  cases  the  extraterrestrial  solar  irradiance  is  0.2858  Watts  m‘^  pm'*  and  the 
attenuation  of  the  incoming  solar  radiation  has  been  computed  using  the  computer  program 
MODTRAN  3  [7].  We  have  chosen  the  U.  S.  Standard  atmosphere  with  the  Navy  maritime 
model  and  an  air-mass  parameter  of  5  which  means  that  the  observer  is  somewhere  between  the 
coast  and  the  open  sea.  One  can  see  that  the  radiance  is  not  much  greater  than  the  “background” 
value  of  the  emitted  radiance  for  these  wind  speeds,  but  if  we  use  lower  wind  speeds  such  as 
those  in  Fig.  6,  the  total  radiance  is  considerable  greater  than  the  emitted  radiance.  We  can  also 
examine  the  radiance  as  a  function  of  the  nadir  view  angle  and  wind  speed.  Calculations  were 
made  for  various  Sun  angles  and  the  largest  effect  seems  to  be  for  a  solar  zenith  angle  of  83°. 
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Fig.  4.  Thermal  spectral  radiance  vs.  nadir  view  angle  for  water  waves  with 
various  wind  speeds  (m  s*' ). 
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Fig.  5.  Total  spectral  radiance  vs.  solar  zenith  angle  for  water  waves  with 
various  high  wind  speeds  (m  s'' )  and  a  nadir  view  angle  of  89°  with  the 
atmospheric  attenuation  computed  according  to  the  program  MODTRAN  3. 
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Incident  Sun  angle  (degrees) 


Fig.  6.  Total  spectral  radiance  vs.  solar  zenith  angle  for  water  waves  with 
various  low  wind  speeds  (m  s’* )  and  a  nadir  view  angle  of  89®  with  the 
atmospheric  attenuation  computed  according  to  the  program  MODTRAN  3. 


The  variation  is  illustrated  in  Fig.  7  for  four  wind  speeds  where  it  is  important  to  realize  that  the 
total  radiance  here  is  much  greater  than  the  thermal  background  for  wind  speeds  below  about  0.2 
m  s’*.  The  most  important  feature  to  be  noticed,  however,  is  the  variation  in  the  radiance  from 
the  surface  facets  in  terms  of  the  nadir  view  angle.  Figure  8  depicts  this  interesting  result  of  the 
total  radiance  for  four  facet  slopes.  The  curves  here  are  those  for  the  reflected  and  emitted 
radiance  for  Fresnel  reflectors  taking  into  consideration  the  atmospheric  attenuation,  which 
accounts  for  the  sharp  decrease  on  the  right  side  of  each  curve.  The  radiance  values  can  be  at 
least  forty  times  greater  than  the  thermal  background  values,  a  fact  that  is  not  always  understood 
for  the  infrared  part  of  the  spectrum. 

The  radiation  components  can  also  be  calculated  explicitly  in  terms  of  the  wind  speed  for 
various  nadir  view  angles  and  solar  zenith  angles.  Fig.  9  illustrates  the  variability  in  the  thermal 
radiance  with  wind  speed  for  three  nadir  view  angles.  For  these  large  angles  the  thermal 
radiation  is  quite  small  for  low  wind  speeds  because  the  surface  is  nearly  specular  whereas  this 
is  not  true  for  the  rough  surface  generated  by  the  high  wind  speeds.  In  Fig.  10  the  total  radiance 
is  illustrated  as  a  function  of  the  wind  speed  from  1ms’*  to  20  m  s’*  for  the  same  three  angles. 
Below  one  m  s’*  all  radiances  increase  up  to  the  Fresnel  limit  for  zero  wind  speed  but  as  the  wind 
speed  increases  the  radiance  decreases  to  a  minimum  value  because  of  the  increasing  surface 
roughness.  Eventually,  however,  the  total  radiance  increases  ^ain  because  of  the  thermal 
background. 
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Fig.  7.  Spectral  radiance  vs.  nadir  view  angle  for  water  waves  with 
various  wind  speeds  (m  s'* )  and  a  solar  zenith  angle  of  83°. 
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Fig.  8.  Spectral  radiance  vs.  nadir  view  angle  for  water  waves  with 
various  instantaneous  slopes. 
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Fig.  9.  Thermal  spectral  radiance  vs.  wind  speed  for  water  waves  for 
three  nadir  view  angles  (degrees). 
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Fig.  10.  Total  spectral  radiance  vs.  wind  speed  for  water  waves  for  three 
solar  zenith  angles  (=  nadir  view  angles)  with  the  atmospheric  attenuation 
computed  according  to  the  program  MODTRAN  3. 
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5.  CONCLUSIONS 


It  has  clearly  been  demonstrated  that  the  average  solar-reflected  radiance  from  a  water 
surface  in  the  thermal  infrared  part  of  the  spectrum  (~  10  pm)  can,  under  certain  circumstances, 
be  quite  large,  in  a  manner  not  unlike  the  similar  well-known  result  in  the  visible  part  of  the 
spectrum.  The  effect  is  especially  significant  for  low  wind  speeds  and  for  large  nadir  view 
angles.  In  addition,  the  infirared  speckle  pattern  should  be  quite  noticeable  as  can  be  seen  from 
the  large  instantaneous  reflected  radiances  from  the  individual  facets  with  slopes  from  zero  to 
0.5.  The  hemispherical  sky  radiance  has  not  been  included  in  the  present  calculations  but  it  has 
been  estimated  to  be  relatively  small.  Nevertheless,  for  completeness  it  should  be  included  in  the 
calculations  although  it  is  dependent  upon  the  particular  atmospheric  model.  Also,  it  would  be 
instructive  to  calculate  these  effects  for  other  wavelengths,  fetch  lengths,  and  atmospheres. 
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ABSTRACT 

A  completely  new  propagation  assessment  system  called  Radio  Propagation  Over  Terrain 
(RPOT)  is  presented.  This  system  is  designed  for  PC  platforms  using  the  Windows  95  operating 
system.  The  internal  propagation  model  is  a  combination  of  the  Terrain  Parabolic  Equation  Model 
(TPEM)  and  the  Radio  Physical  Optics  (RPO)  model,  which  allows  for  range-dependent 
refractivity  variations  over  terrain  or  sea  paths. 

RPOT  computes  and  displays  radar  probability  of  detection  and/or  Electronic  Support 
Measure  (ESM)  vulnerability  or  communications  capability  versus  range,  height,  and  bearing  from 
the  source.  Refractivity  data  can  be  entered  using  several  methods,  including  a  frilly  automated 
decoding  of  common  World  Meteorological  Organization  (WMO)  codes  already  available  on 
many  local  area  networks.  For  each  bearing,  terrain  elevation  data  are  automatically  extracted 
from  the  National  Imaging  and  Mapping  Agency  (NIMA,  formerly  the  Defense  Mapping  Agency, 
DMA)  Digital  Terrain  Elevation  Data  (DTED),  supplied  on  CD-ROMs.  Coverage  diagrams  are 
computed  and  stored  as  graphics  files  for  each  bearing  desired,  and  then  displayed  in  rapid 
sequence  as  either  full  360  degree  rotations  or  as  sector  scans. 

Both  RPO  and  TPEM  have  been  developed  in  parallel  at  NCCOSC  RDTE  DIV  (NRaD) 
and  until  recently  have  remained  as  two  completely  separate  models.  RPO  is  an  efficient  ray- 
optics  and  parabolic  equation  (PE)  hybrid  model  for  all  over-water  paths.  TPEM  began  as  a  pure 
PE  model  for  terrain  paths,  but  recent  versions  also  employ  hybrid  models.  An  effort  to 
consolidate  RPO  and  TPEM  into  one  single  model  that  includes  the  capabilities  of  both  will  be 
described.  The  combined  model  computes  propagation  loss  versus  height  and  range  for  range- 
dependent  refractivity  over  smooth  and  variable  terrain,  also  accounting  for  variable  antenna 
patterns  and  range-varying  dielectric  properties  of  the  ground. 

The  power  of  RPOT  derives  from  its  user  interface  as  well  as  the  modem  high-fidelity 
propagation  models.  RPOT  is  a  Windows  95  application,  making  full  use  of  drop-down  menus, 
on-line  help,  and  other  standard  Windows  features  to  make  a  fully  integrated  and  user  friendly 
propagation  assessment  system. 

BACKGROUND 

The  Office  of  Naval  Research  maintains  a  book  titled  “Technologies  for  Rapid  Response” 
that  lists  technologies  under  current  development  that  could  be  accelerated  into  operational 
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capabilities  in  6  to  12  months,  provided  there  was  a  strong  operational  need  for  them.  In  1995  our 
group  submitted  one  such  teclmology  description  to  this  book  with  the  title  “Radar  Propagation 
Over  Terrain”  (RPOT)  based  on  the  Terrain  Parabolic  Equation  Model  (TPEM)  that  was  under 
development  at  NRaD.  The  following  is  an  excerpt  from  that  description.  “This  capability 
provides  the  ability  to  assess  shipboard  radar  coverage  over  water,  across  coastlines,  and  over 
varying  terrain  in  range-dependent  refractive  environments.  Required  inputs  include  digital  terrain 
elevation  data,  refractive  structure,  and  radar  parameters.  Output  would  be  radar  detection 
probability  contours  in  a  vertical  cross-section  versus  azimuth,  taking  first-order  effects  of  terrain 
into  account.”  In  late  1995  the  Commander,  Sixth  Fleet  staff  expressed  a  serious  interest  in 
developing  the  RPOT  capability  to  support  Sbcth  Fleet  ships  and  aircraft  operating  in  the  Adriatic 
in  support  of  the  Bosnia  peace  mission.  At  the  same  time  a  new  ONR  program  called  the  Naval 
Technology  Insertion  Program  (NTIP)  was  preparing  to  fund  some  of  the  technologies  listed  in 
the  book.  Li  early  FY96  the  final  decision  was  made  to  fund  the  RPOT  effort  under  the  NTIP 
program  with  the  goal  of  providing  the  final  system  to  Skth  Fleet  forces  by  June  1996. 

Li  early  FY96  TPEM  was  already  developed  to  the  point  that  radar  coverage  diagrams 
could  be  produced  based  on  terrain  data  read  from  the  DIED  Level  1  CD-ROMs  (horizontal 
resolution  of  3  arc  seconds,  about  100  m),  and  EM  system  and  refractivity  data  read  from  special 
format  ASCII  files.  TPEM  at  this  time  was  a  32-bit  DOS  application  developed  with  Microsoft 
Fortran  Powerstation  Version  1.0.  Several  other  DOS  programs  had  also  been  developed  to 
support  TPEM,  for  example  to  rapidly  display  a  series  of  coverage  diagrams  versus  bearing  angle. 
Using  these  programs  directly  for  operational  support  was  deemed  too  impractical  because  of  the 
time  and  training  required  for  the  operators  to  edit  ASCII  input  files  and  use  the  programs  in  the 
proper  sequence.  A  more  user-fiiendly  windows  based  user  interface  was  required,  and  Microsoft 
Windows-95  and  Fortran  Powerstation  4.0  were  selected  as  the  host  operating  system  and 
program  development  environment.  The  goal  was  to  repackage  TPEM  into  a  user-fiiendly  system 
that  would  use  normal  pull  down  menus  and  other  Windows  features,  and  to  provide  an  easy 
interface  to  user-defined  radar  parameter  hbraries,  DIED  CD-ROMs,  and  existing  meteorological 
data. 


The  Wmdows-95  RPOT  assessment  system  was  developed  on  schedule  and  delivered  to 
the  Sixth  Fleet  Flagship  USS  La  Salle  in  June  1996.  By  this  time,  the  Commander,  Naval 
Meteorology  and  Oceanography  Command  (CNMOC)  had  asked  the  Space  and  Naval  Warfare 
Systems  Command  (PMW-185)  to  make  RPOT  available  fleet  wide  by  August  1996.  By  August, 
a  capability  to  assess  radio  communications  coverage  had  been  added  to  RPOT,  and  the  name  was 
changed  slightly  to  Radio  Propagation  Over  Terrain  to  better  describe  this  addition.  RPOT  is  now 
available  fleet  wide. 

ASSESSMENT  SYSTEM 

This  paper  describes  RPOT  version  3.01.  The  minimum  hardware  requirements  for  RPOT 
are  Windows-95  and  a  CD-ROM  drive.  Li  addition,  we  recommend  a  100  MHz  Pentium 
processor  or  better,  at  least  16  MB  of  RAM,  a  hard  disk  drive  with  at  least  one  GB  of  free  space, 
and  an  800  by  600  resolution  monitor.  The  RPOT  software  is  distributed  on  either  one  CD-ROM, 
five  high  density  3.5  inch  floppy  disks,  or  via  the  internet.  RPOT  and  all  of  its  support  files  require 
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about  8  MB  of  space  on  the  PC’s  hard  drive.  Additional  disk  space  is  required  to  store  the  DTED 
files  and  graphics  format  files  generated  by  RPOT  for  each  bearing  desired,  plus  other  files 
generated  for  each  project. 

The  user  interface  to  RPOT  is  via  pull-down  menus  and  dialogue  boxes  that  are  similar  to 
most  Windows-95  applications.  A  project  is  defined  as  one  or  more  vertical  coverage  diagrams 
for  a  radar  or  communications  transmitter  located  at  one  geographic  location.  To  generate  a 
project,  the  user  first  fills  in  a  project  window  to  specify  the  radar,  platform  (such  as  a  ship  class), 
target,  environment,  latitude,  longitude,  initial  bearing,  bearing  increment,  and  number  of  bearings 
desired,  plus  a  few  options  to  select  the  type  of  display,  type  of  terrain  area  map,  and  propagation 
model  desired.  After  entering  all  the  required  data  in  the  project  window,  the  user  clicks  on  the 
“compute”  button  to  begin  all  computations.  The  DTED  manager  first  checks  to  see  if  all  the 
required  DTED  files  are  already  stored  on  the  hard  disk.  If  not,  the  user  is  provided  with  a  list  of 
required  DTED  CD-ROMs  and  is  prompted  to  insert  each  one.  After  all  of  these  files  are  loaded, 
the  DTED  manager  will  generate  the  terrain  height  profile  along  each  bearing  desired  and  TPEM 
or  RPO  will  generate  the  corresponding  coverage  diagram.  On  a  100  MHz  Pentium,  TPEM  will 
require  about  15  seconds  to  a  few  minutes  to  compute  a  single  coverage  diagram,  depending  on 
frequency. 

By  default  the  propagation  model  automatically  selects  between  RPO  and  TPEM.  RPO  is 
used  for  paths  that  are  entirely  over  water  if  the  transmitter  or  radar  height  is  less  than  100  m. 
TPEM  is  used  for  all  other  cases.  However,  the  use  of  either  TPEM  or  RPO  exclusively  may  also 
be  selected. 

The  DTED  files  are  normally  transferred  from  one  or  more  CD-ROMs  to  the  hard  drive 
prior  to  their  use  by  TPEM  for  two  reasons.  First,  a  hard  disk  drive  has  a  much  faster  data 
transfer  rate  than  the  typical  CD-ROM  drive.  Since  most  projects  require  multiple  runs  by  TPEM 
from  the  same  fixed  location  for  multiple  bearings,  the  same  DTED  files  are  typically  accessed 
many  times,  and  therefore  the  total  file  access  time  is  reduced  compared  to  reading  the  files 
always  from  a  CD-ROM.  Second,  for  projects  that  require  2,  3,  or  4  DTED  CD-ROMs  due  to  the 
project’s  location  near  one  or  more  boundaries  between  CD-ROMs,  there  is  no  need  to  load  the 
same  CD-ROMs  over  and  over  as  RPOT  generates  the  various  coverage  diagrams.  However,  for 
projects  where  all  of  the  required  terrain  data  are  stored  on  one  CD-ROM  and  the  user  does  not 
have  sufficient  hard  disk  space,  there  is  a  provision  where  the  terrain  data  can  be  read  directly 
from  the  CD-ROM. 

ENVIRONMENTAL  INPUTS 

RPOT  provides  several  options  for  entering  refractivity  data.  For  many  applications,  the 
most  useful  method  is  to  input  the  WMO  significant  level  upper  air  radiosonde  code  (part  UUBB 
or  UUTT),  which  is  widely  available  on  many  local  area  networks  and  in  some  cases  available  on 
the  internet.  RPOT  can  read  an  ASCII  text  file  containing  this  code  or  use  the  windows  clipboard 
feature  to  cut  and  paste  the  ASCII  text  from  another  windows  application.  RPOT  can  then 
automatically  decode  this  text  and  create  an  environment  file  containing  the  modified  refractivity 
versus  height  profile  which  is  ready  for  use  by  the  RPOT  propagation  models.  If  the  sounding 
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comes  from  a  ship  station,  then  by  default  an  evaporation  duct  profile  is  appended  to  the 
radiosonde  profile  based  on  the  assumption  of  a  thermally  neutral  atmosphere,  where  the  sea 
water  temperature  is  assumed  to  be  equal  to  the  air  temperature  at  the  lowest  measurement 
height.  If  this  option  is  not  desired  by  the  user,  it  may  be  turned  off. 

The  user  may  also  enter  the  refractivity  profile,  either  as  M  or  N  units  versus  height  in  feet 
or  meters,  or  in  the  form  of  pressure,  temperature,  and  humidity.  AH  commonly  used  units  are 
provided  for  in  this  case. 

RPOT  also  has  a  limited  capability  to  accept  range-dependent  refractivity  profiles.  The 
propagation  models  are  completely  capable  of  using  range-dependent  refractivity,  but  RPOT  has 
no  method  to  change  the  environment  from  one  azimuth  to  the  next.  Hence,  one  range-dependent 
environment  can  be  defined  that  may  be  representative  over  a  limited  number  of  bearings,  such  as 
in  a  particular  threat  direction.  This  range-dependent  environment  must  be  created  by  the  user 
with  a  text  editor  following  a  number  of  rules  in  combining  profiles  at  different  ranges.  These 
rules  are  contained  in  the  on-line  RPOT  help  file. 

PROPAGATION  MODELS 

The  RPO  propagation  model  is  version  1.15  which  is  a  fully  accredited  model  in  the 
Oceanographic  and  Atmospheric  Master  Library  (OAML)  maintained  by  CNMOC.  RPO  is  a  true 
hybrid  method  that  uses  the  complimentary  strengths  of  both  Ray  Optics  (RO)  and  Parabolic  Equation 
(PE)  techniques  to  accoxmt  for  range-dependent  vertical  refiactivity  profiles.  The  RO  techniques 
include  fiill  amplitude  and  integrated  optical  path  length  effects  from  refiaction.  The  PE  technique 
follows  the  method  described  by  Dockery  [1].  A  brief  description  of  the  RPO  models,  and  some 
comparisons  to  other  models,  are  given  by  HStney  [2]  and  a  complete  description  of  the  RPO  model  is 
given  by  Patterson  and  BStney  [3].  Two  features  of  the  PE  model  are  real-valued  sine  Fast  Fourier 
Transforms  (FFTs)  and  variable  transform  azes  up  to  a  maximum  of  only  1024  points.  In  comparisons 
of  RPO  to  pure  split-step  PE  models  for  stresSfiil  cases  that  are  typical  of  fiiose  required  for  the 
Tactical  Environmental  Support  System  (TESS),  RPO  has  proven  to  be  from  25  to  100  times  fester 
than  the  PE  model  alone,  with  overall  accuracy  at  least  as  good  as  the  pure  PE  models.  In  addition, 
RPO  can  solve  problems  for  very  high  devation  angles,  that  PE  methods  alone  cannot  solve.  RPO 
version  1.15  also  includes  models  to  accoxmt  for  tropospheric  scatter  and  oxygai  and  water  vapor 
absorption,  but  these  parts  of  the  model  are  not  used  in  RPOT. 

The  TP;^1  propagation  model  is  version  1.5,  which  is  a  pure  split-step  PE  propagation  model 
capable  of  accoimting  for  terrain  and  range-dependent  refiractivity  effects.  This  model  is  not  yet 
accredited  in  OAML,  but  it  is  in  the  process  of  bdng  included.  The  model  and  its  use  are  described  by 
Barrios  [4-6].  This  model  uses  the  disCTete  mixed  Fourier  transform  method  developed  by  Dockery  and 
Kuttler  [7]  which  allows  for  rigorous  modeling  of  vertical  polarization  and  finite  conductivity.  The 
model  uses  a  numerical  shortcut  known  as  the  “boimdary  shift”  method  to  substantially  reduce 
computation  times.  Although  the  model  allows  conductivity  to  vary  with  range,  RPOT  has  no  way  to 
provide  this  information  to  the  model.  Since  TP!1^  is  a  pure  PE  model,  there  is  no  limitation  on  source 
height,  except  as  determined  by  the  maximum  transform  aze,  which  allows  for  assessments  of  airborne 
systems  up  to  the  maximum  altitude  permitted  by  the  frequency  and  transform  size.  For  UHF  Airborne 
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Early  Warning  (AEW)  raxlars,  such  as  used  on  the  E-2  aircraft,  TPEM  will  typically  allow  assessments 
to  be  made  at  operational  altitudes.  For  X-band  radars,  there  will  be  significant  height  restrictions. 
TPEM  only  performs  calculations  below  a  predetermined  maximum  elevation  angle  that  depends  on 
source  hdght  and  maximum  output  height  and  range.  TPEM  version  1.5  does  not  include  eitho-  a 
troposcatter  or  an  absorption  model  for  oxygen  and  water  vapor,  but  these  capabilities  are  considered 
second  or  third  order  effects  for  most  applications. 

SAMPLE  PRODUCTS 

This  section  presents  a  selection  of  sample  RPOT  products  to  illustrate  the  various  display 
options.  These  samples  are  all  located  in  the  Adriatic  Sea  and  focus  on  paths  toward  and  over 
Bosnia.  In  operation,  RPOT  displays  coverage  diagrams  for  a  series  of  azimuths  in  a  rapid 
sequence  to  form  either  sector  scans  or  full  rotational  displays,  which  give  very  effective  three 
dimensional  assessments  of  coverage,  but  in  this  paper  we  can  show  only  one  azimuth  at  a  time. 

Figure  1  is  a  coverage  diagram  for  a  typical  two-dimensional  shipboard  radar  versus  a 
small  jet  aircrafi;  target.  The  colors  (shades  of  gray  in  the  figure)  represent  radar  single-scan 
probability  of  detection  (Pd)  of  the  target.  In  this  case,  a  strong  surface  based  duct  was  assumed, 
which  is  evident  in  the  diagram  fi'om  the  downward  deflection  of  the  region  of  high  Pd  just 
beyond  the  first  several  terrain  features.  Masking  by  the  higher  terrain  features  just  beyond  50  nmi 
is  clearly  shown,  as  are  the  interference  effects  fi'om  the  direct  and  sea-reflected  paths.  The  white 
region  at  high  angles  is  the  region  beyond  the  maximum  elevation  angle  cut  off  for  TPEM.  The 
circular  area  map  in  the  lower  right  comer  is  included  to  give  the  user  a  visual  reference  to  the 
particular  azimuth  being  displayed,  which  is  indicated  in  the  area  map  as  a  white  line.  Figure  2  is  a 
coverage  diagram  for  the  same  radar  as  figure  1,  but  here  both  radar  detection  and  Electronic 
Support  Measure  (ESM)  receiver  counter  detection  are  displayed  together.  Note  the  penetration 
by  diffraction  into  the  shadow  region  beyond  the  highest  terrain  features  that  allows  an  ESM 
receiver  to  detect  the  radar.  Figure  3  illustrates  the  use  of  RPOT  in  assessing  airborne  radar 
coverage  for  a  typical  UHF  AEW  radar  stationed  at  18  thousand  feet.  This  example  assumed  a 
strong  elevated  duct  at  15  thousand  feet,  and  the  radar  “hole”  formed  by  this  duct  for  ranges 
beyond  60  nmi  is  obvious  in  the  figure.  Figure  4  is  a  coverage  diagram  of  ship-to-air  UHF 
communications,  and  is  displayed  with  just  two  colors  representing  the  regions  where 
communications  is  and  is  not  possible.  The  conditions  are  the  same  as  those  for  figure  1.  Figure  5 
is  a  refi'active  conditions  summary  that  shows  refractivity  and  modified  refractivity  in  N  and  M 
units  plotted  versus  height,  and  also  indicates  the  heights  corresponding  to  ducts.  This  display  also 
indicates  by  color  (not  evident  in  the  figure)  what  the  refiractive  gradient  is  in  each  segment  of  the 
profile,  and  lists  a  numerical  summary  of  the  height  of  any  ducts.  This  display  is  most  useful  to  the 
operator  in  getting  a  quick  look  at  the  refractive  conditions  before  generating  any  coverage 
diagrams. 

COMBINED  PROPAGATION  MODEL 

In  developing  RPOT  it  became  clear  that  a  new  propagation  model  that  combines  the 
features  of  RPO  and  TPEM  is  needed.  Such  a  model  would  eliminate  the  need  to  test  for  and 
switch  between  the  two  existing  models,  and  also  would  fill  in  the  high  elevation  angle  region  that 
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is  currently  beyond  the  capability  of  TPEM.  We  intend  to  call  this  new  model  the  Advanced 
Propagation  Model  (APM)  as  a  logical  extension  of  the  Standard  Propagation  Model  that  has 
long  been  included  in  OAML  and  was  the  propagation  model  used  by  the  Integrated  Refractive 
Effects  Prediction  System  (IREPS).  APM  ■wdll  be  a  h5d)rid  RO  and  PE  model  similar  to  RPO  in 
overall  structure.  It  will  account  for  terrain  effects  and  range-dependent  refractivity  using  the 
discrete  Fourier  transform  split-step  PE  model  from  TPEM.  Unlike  RPO,  it  will  not  be  restricted 
to  source  heights  below  100  m  and  when  friUy  developed  it  will  include  a  tropospheric  scatter 
model  and  oxygen  and  water  vapor  absorption  model.  We  expect  APM  to  be  the  propagation 
model  used  in  the  Advanced  Refractive  Effects  Prediction  System  (AREPS),  an  application  being 
developed  for  the  Tactical  Environmental  Support  System  (Next  Century)  -  TESS(NC). 

SUMMARY 

RPOT  is  a  quick  response  development  effort  to  support  a  Sixth  Fleet  specific 
requirement.  Li  addition  it  provides  a  framework  for  the  development  of  follow  on  assessment 
systems  and  propagation  models.  It  provides  a  fleet  wide  assessment  capability  using  modem 
high-fidelity  propagation  models  that  include  terrain  and  refractive  effects  in  a  user  friendly 
windows  based  environment. 

REFERENCES 

[1]  G.  Daniel  Dockery  in  "Modeling  Electromagnetic  Wave  Propagation  in  the  Troposphere  Using  the 
Parabolic  Equation,"  IEEE  Trans,  on  Antennas  &  Propagation,  vol.  36,  no.  10,  October  1988. 

[2]  H.  V.  Ktn^,  "Hybrid  Ray  Optics  and  Parabolic  Equation  Methods  for  Radar  Propagation 
Modding,"  lEE  Conference  Publication  365,  Brighton,  UK,  12-13  October  1992. 

[3]  W.L.  Patterson  and  H.V.  Hitney,  "Radio  Phyacal  Optics  CSCI  Software  Documents,"  NCCOSC 
RDTE  DIV  Tedinical  Documait  2403,  December  1992. 

[4]  AE.  Barrios,  “A  Terrain  Parabolic  Equation  Model  for  Propagation  in  the  Troposphere,”  IEEE 
Trans.  On  Antennas  &  Propagation,  vol.  42,  no.  1,  January  1994. 

[5]  AE.  Barrios,  “Terrain  and  Refiactivity  Effects  on  Non-Optical  Paths,”  AGARD  Conference 
Proceedings  543,  Multiple  Mechanism  Propagation  Paths  (MMPPs):  Their  Characterization  and 
Influence  on  System  Design  ^p.  10-1  to  10-9),  October  1993. 

[6]  Barrios,  “Terrain  Parabolic  Equation  Model  (TPEM)  Version  1.5  Usot’s  Manual,”  NCCOSC 
RDTE  Div.  Technical  Documait  2898,  Fdjrtiary  1996. 

[7]  G.D.  Dockery  and  J.R  Kuttler,  “An  Improved  Impedance  Boundary  Algorithm  for  Fourier  Split- 
Step  Solutions  of  the  Parabolic  Wave  Equation,”  IEEE  Trans.  On  Antennas  &  Propagation,  vol. 

44,  no.  12,  December  1996. 


108 


HEIGHT  kft  HEIGHT  kft 


Typical  2-D  Shipboard  Radar  vs.  Small  Jet 


RPOT  3.0 
2D  RADAR 
CG 

SHALL  JET 


sbduct . env 

Sfc  Based  Duct 

Lat  44  30  00  N 
Lon  14  00  00  E 

Bearing (deg)  50 


RANGE  nmi 

Radar  Pd  | 

1  .9  .8  .7  .6  .5  .4  .3  .2  .1  .0 

Figure  1.  Coverage  diagram  for  a  shipboard  radar  versus  a  small  jet  aircraft. 
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Figure  2.  Coverage  diagram  showing  both  radar  detection  and  ESM  vulnerability. 
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Typical  AEW  Radar  vs.  Small  Jet 
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Figure  3.  Coverage  diagram  for  an  airborne  radar. 
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Figure  5.  Refractive  summary  display. 
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1 .  Introduction 

The  atmospheric  turbulence  is  known  to  have  significant  effects  on  radiowave  propagation  ; 
they  are  mainly  characterized  by  scintillations  in  the  wavefront.  It  is  particularly  true  for 
frequencies  over  10  GHz,  inside  the  boundary  layer  where  the  turbulence  intensity  is  stronger  than 
in  free  atmosphere,  and  in  the  presence  of  a  duct,  at  observation  points  where  destructive 
interference  from  multipaths  can  yield  a  null  in  the  coherent  field. 

A  standard  way  to  describe  the  refractive  index  fluctuations  due  to  turbulent  eddies  consists  in 
adding  to  the  mean  refractive  profile  a  random  component  n\,  assumed  to  depend  upon  the  sole 
vertical  coordinate : 

n(r,  j)  =  («(,  (r))  -i-  n,  (r,  5)  ,  j  :  range,  r  :  altitude  ( 1 ) 

Since  the  turbulent  motions  of  the  atmospheric  cells  are  highly  chaotic,  and  eddy  size  can  range 
from  1  mm  to  one  hundred  meters,  a  deterministic  description  of  is  not  possible.  So  we 
classically  characterize  the  turbulent  medium  through  its  statistical  properties,  for  instance  the 
correlation  function  or  the  density  power  spectrum.  The  electromagnetic  field  in  a  turbulent 
medium  is  consequently  known  by  its  statistics  too  :  mainly,  first  and  second  order  moment  or 
mean  electromagnetic  field  and  mean  intensity. 

In  this  work,  we  present  a  direct  computation  of  the  statistics  of  the  electromagnetic  field  in 
presence  of  turbulent  refractive  fluctuations,  using  a  standard  parabolic  equation  (PE)  model.  This 
new  approach  is  based  on  stochastic  calculus  and  more  precisely  on  the  It6  formalism  which  will 
allow  us  to  generate  all  the  response  statistics  equations.  In  addition,  the  last  paragraph  will  show 
how  to  characterize  the  turbulent  medium  in  connexion  with  this  study  and  examine  some  results. 
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2.  Study  framework 

The  starting  point  of  this  approach  is  a  standard  P.E.  model,  CORAFIN,  developped  at  DCN, 
associated  with  a  finite  difference  method  using  a  Crank-Nicolson  scheme.  The  propagation 
equation  takes  the  parabolic  form : 


ds  2^0  2 


with  associated  boundary  conditions 


dU 

~  jK^h,v  U  =  0 


limi 


Ay  1  =  0 


(2-a) 


(2-b) 


m  is  the  modified  refractive  index  and  ^h,V  depends  upon  the  polarisation. 

Introduction  of  the  random  componant  ni,  under  the  form  :  =(«o)^  +  2n,  leads  to  a 

Stochastic  Partial  Differential  Equation  (SPDE) : 


du 

ds 


J_^ 

dr^ 


-l)U-jk,n,U 


(3) 


in  which  the  last  coefficient  is  a  physical  random  process.  The  solutions  of  this  equation  will  be 
determined  by  computing  their  statistic  moments. 

A  classical  way  to  solve  this  kind  of  equation  and  obtain  some  of  the  moments  is  to  use  a 
statistical  approach  like  a  Monte  Carlo  method,  which  means  first  generating  numerical  random 
fluctuations  n\,  generally  from  the  turbulence  spectrum,  then  solving  the  deterministic  parabolic 
equation  for  each  realization  of  w;,  and  last  averaging  on  the  whole  set  of  independent  simulations. 

This  method  has  become  very  popular,  due  to  increasing  computer  power.  The  first  order 
moment  is  easily  generated,  as  is  a  particular  value  of  the  second  order  moment :  its  value  at 
origine.  A  wide  choice  of  turbulence  spectra  allows  an  accurate  description  of  the  physical 
phenomenum.  But  on  the  other  side,  it  requires  a  huge  computational  time,  because  the  error  on 
the  result  behaves  like  the  inverse  of  the  square  root  of  the  number  of  simulations.  Moreover,  it  is 
quite  difficult  to  determine  rigorous  convergence  criterions  :  the  choice  of  a  "right"  simulation 
number,  for  which  the  method  converges,  remains  empirical,  and  in  all  cases,  this  number  seems 
to  be  greater  than  one  hundred  trials. 

The  interest  of  a  direct  stochastic  treatment  of  the  SPDE  is  then  obvious  :  if  we  can  derive  from 
the  stochastic  equation  deterministic  partial  differential  equations  for  aU  the  moments,  we  shall  then 
obtain  each  response  statistics  by  solving  single  equation.  The  treatment  of  stochastic  differential 
equations  has  been  discuted  extensively  in  the  literature.  The  main  difficulty  is  a  closure  problem  ; 
for  instance,  getting  the  first  order  moment,  implies  averaging  equation  (3) : 


m 

ds 


j  d\u) 

2k^  dr^ 


-\){U)-jk,{n,U) 


(4) 


(4)  contains  the  first  moment  (t/)as  expected,  but  also  the  crossed  moment  («[  U),  for  which 
no  statistics  are  known.  To  deal  with  this  problem,  we  thus  need  closure  assumptions  ;  they  will 
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be  obtained  from  hypothesis  on  the  turbulent  process.  We  propose  here  an  approach  based  on  the 
stochastic  calculus  rules.  This  formalism  permits  us  to  derive  the  first  and  second  order  moment 
equations,  but  also  the  higher  order  moment  equations. 

3.  Stochastic  treatment  of  the  SPDE 

Using  the  properties  of  some  random  processes,  and  particularly  the  Brownian  motion, 
mathematicians  have  established  a  number  of  theorems  which  define  the  rules  of  stochastic 
calculus.  As  we  will  see,  these  rules  slightly  differ  from  ordinary  calculus  operations.  It  is 
particularly  the  case  for  the  integration  operations  we  will  have  to  treat.  But  before  introducing  the 
stochastic  equation  formalism,  we  prefer  to  transform  the  SPDE  into  a  stochastic  ordinary 
differential  equation.  This  is  easily  achieved  by  semi-discretization  in  r ,  and  makes  things  easier. 
We  thus  use : 


d^U{r,s) 


dr^ 


=  ^{UM-2UXs)  +  U,_,{s))  +  0(h^)  /=0,...,M 

r—ih 


where  h  is  the  vertical  step,  to  obtain  the  ordinary  stochastic  differential  system : 

-  d,U,(s)+bV^_,  (s)  +  (T,(s)U,  w 
where  Ui(s)  is  an  0(/i2)-approximation  of  U(ih,s),  i=0,...,M 
\b  =  -j/2k,h^ 


<  d.=-2b-j^[mf-l),  /  =  1,”-,M-1 

=  -  A«i  i^h),  I  =  0,  ■  •  • ,  M 

do  =  -2b  -  j^(ml  - 1)  -  Ijbhko  qf,  p 
d^=-2b-j^[ml-l)-2jbhko 


(5) 


(6) 


This  set  of  M  equations  can  be  written  under  the  following  matricial  form : 

=  f{Uis))  +  G{U{s)).o{s)  (7) 

where  the  M-vectors  U ,  o;  and  MxM-matrixes/,  G  are  defined  by  : 

U  =  S  =  (<T„,-,aJ  f(U(s))^l.U(s) 

?  ,  -  - 
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At  this  point,  we  have  transformed  the  initial  SPDE  under  a  more  suitable  form.  Matricial 
system  (7)  describes  the  response  17  of  a  structural  system  under  a  wide  band  random  parametric 

excitation  a  To  apply  standard  results  on  stochastic  differential  equation,  the  main  assumption  is 

now  that  the  physical  random  process  o  is  close  to  a  gaussian  white  noise,  defined  as  the  formal 
derivative  of  a  Brownian  motion  B  : 


dBjs) 

ds 


(8) 


Going  back  to  the  physics,  the  underlying  assumptions  on  the  turbulent  process  are  then : 

(HI)  the  random  process  is  Gaussian,  i.e.completely  described  by  its  first  and  second 
moments, 

(H2)  the  random  fluctuations  are  zero-mean  («j(r,5))  =  0 

(H3)  the  random  medium  is  delta-correlated  in  the  propagation  direction.  The 
correlation  function  takes  the  form : (n^ (r, s)nj(d  ,s’))  =  S(s-  s' )A(r, r' ) 

Two  additionnal  hjqjothesis  are  made  for  the  sake  of  simplicity : 

(H4)  the  medium  is  homogeneous,  with  correlation  function  : 

A{r,r')  =  A[r  - ,{r  +  d)/2)  ,  where  the  second  argument  is  the  mean  height. 

(H5)  the  medium  is  isotropic  : 

Air,r')  =  A{\r-r'\,{r  +  r')/2) 


Under  (HI)  to  (H5) ,  a  can  be  replaced  by  dB  and  system  (7)  becomes  : 


dU.{s)  =  f{U{s))ds  +  G{U{s)).dB{s)  (9) 

By  integration,  we  obtain  : 

s  s 

U{s)  - 1/(0)  =  J  f{U{s))ds  +  j  G(t/(5)).filB(5)  (10) 

0  0 

In  the  right  handside  of  (10),  the  first  term  is  an  ordinary  Riemann  integral  because  the  matrix/ 
has  "deterministic"  elements.  But  the  last  integral  is  a  stochastic  integral  and  can  not  be  treated  with 
ordinary  rules,  since  the  brownian  motion  process  B  is  continuous  with  unbounded  variations. 
The  main  problem  of  this  approach  is  thus  the  definition  of  this  stochastic  integral. 
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For  physical  reasons,  we  chose  the  Stratonovich  stochastic  integral,  and  obtain  the  following 
final  form  of  (9) : 


dU{s)  =  F{U{s))ds  +  G{U{s)ydB{s),  F,{U{s))  =  +  4  (11) 

We  have  thus  obtained  a  general  stochastic  equation  for  the  full  stochastic  field.  From  this 
equation,  we  can  derive  deterministic  (it  means  ordinary)  partial  differential  equations  for  all  the 
moments  of  the  stochastic  process  U.  Numerical  treatments  can  then  be  applied. 


4.  First  and  second  order  moments 

It  is  now  easy  to  derive  the  partial  differential  equations  for  the  first  and  second  moments. 
We  obtain  the  following  ordinary  partial  equation  for  the  first  moment : 

^£[(/,]  =  £[{i?(2)}]  =  £[^(g)]-|-A(0,tt)£[£/,]  (12) 

which  appears  to  be  the  semi-discretized  form  of : 


._j_I 

IIcq  dr 


(13) 


It  is  very  interesting  to  note  that  in  this  case  of  the  first  order  moment,  we  still  obtain  a 
parabolic  equation.  The  numerical  implementation  thus  implies  only  a  slight  change  in  the  existing 
code. 


In  the  same  way,  to  obtain  for  the  second  moment  the  following  equation  : 


ds 
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This  higher  order  moment  equation  is  of  course  more  complicated  and  its  numerical  treatment  is 
specific. 

Remark  :  Our  results  are  a  generalisation  of  those  obtained  by  Tatarski  using  an  other 
formalism  (Novikov-Fumtsu  formulae)  [4].  In  our  case,  the  assumptions  on  the  medium  are  less 
restrictive,  giving  the  possibility  to  take  into  account  a  non  homogeneous  turbulence  in  altitude, 
through  the  expression  of  the  correlation  function  A. 


5.  First  order  moment  coverage  :  results 

According  to  paragraph  4,  we  can  compute  the  mean  loss  coverage  of  the  field  in  a  turbulent 
medium  by  a  slight  change  of  the  existing  parabolic  code.  A  simple  validation  of  this  method 
consists  then  in  comparing  its  numerical  results  with  those  obtained  by  a  statistical  approach 
(Monte-Carlo  method),  using  a  random  profile  generator  [2][3]. 
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Notice  that  the  cost  of  a  Monte  Carlo  method  is  approximatively  a  hundred  times  (in  fact,  the 
number  of  trials  times)  the  cost  of  our  direct  method. 

In  the  following  example,  the  turbulence  is  described  by  a  Kolmogorov  model.  As  in 
Kolmogorov  theory  no  correlation  function  is  defined,  the  difficulty  was  to  derive  from  the 
structure  function  the  correlation  function  term  which  appears  in  our  equation.  This  was  done 
using  relationship  [4] : 


A(0,r)  =  (nf)  = 


Cl{r) 


where  the  constant  structure  is  given  by  the  Gossard  model,  well  suited  to  the  evaporation  duct 
case,  Lq  being  the  external  length  of  the  turbulence. 

A  radar  frequency  of  20  GHz  frequency  propagates,  in  presence  of  a  strong  40m  evaporation 
duct  (Battaglia  model).  The  electromagnetic  loss  coverage  is  computed  up  to  100  meters  versus 
150  kilometers  range.  The  antenna  height  is  15  meters.  Figure  1  below  shows  the  "deterministic" 
radar  coverage. 


fig.  .  1 
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Hauteur  d'Antenne  (m) :  15.00 

Tilt  (Deg) :  0.00 

Resolution  en  dist  (1  pt/) :  5 

Resolution  en  alt  (i  pt/) :  10 
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Figures  2-a,b  present  the  difference  in  dB  beetwen  the  results  in  deterministic  medium  and  in 
turbulent  medium  :  2-a  for  the  stochastic  approach,  2-b  for  the  statistical  approach  using  120 
simulations.  In  both  cases,  this  difference  can  reach  14  dB,  but  this  strong  value  appears  at  points 
where  we  observe  destructive  interference  from  multipaths.  We  can  see  the  very  good  agreement 
between  the  two  methods.  We  remind  that  the  second  case  is  120  times  more  expansive  than  the 
first  one. 


50  100  150 

Range  —  km 

Fig  2-h 


119 


The  same  agreement  can  also  be  observed  on  the  following  range  loss  diagrams  at  altitudes  10 
m.  (fig.  3),  20m.  (fig.  4)  and  60  m.  (fig.  5).  Each  fig.  (-a)  contains  the  "non-turbulent"  result 
(continuous  curve)  followed  by  the  stochastic  and  statistical  turbulent  results  (dashed  curves).  The 
second  boxes  (-b)  give  the  difference  beetwen  turbulent  and  non-turbulent  cases. 


50 

100 
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6.  Conclusion 

We  propose  a  direct  stochastic  treatment  to  solve  the  problem  of  radar  wave  propagation  in  a 
random  turbulent  medium.  The  Stochastic  Differential  Equations  formalism  allows  us  to  compute 
the  mean  electromagnetic  field  (first  moment)  coverage  in  a  turbulent  medium  by  solving  only 
ONE  parabolic  equation,  while  a  statistical  approach  needs  more  than  100  independant 
simulations.  The  numerical  results  are  shown  to  be  in  very  good  agreement  for  the  two  methods. 

Moreover,  we  generalize  Tatarski  results,  our  formalism  allowing  us  to  relaxe  some  of  the 
assumptions  on  the  turbulent  medium  and  to  take  into  account  vertically  non-homogeneous 
correlation  functions. 
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Introduction 

Army  tactical  communications  at  echelons  brigade 
and  above  are  dependent  on  line-of-sight  (LOS)  ra¬ 
dio  links.  As  current  military  doctrine  stresses  the 
requirement  to  rapidly  deploy  to  meet  a  range  of 
threats  at  locations  worldwide,  the  Army  cannot 
utilize  a  fixed  infrastructure  consisting  of  coaxial  or 
fiber  cable  as  is  used  in  the  conmiercial  sector.  Given 
the  requirement  to  deploy  worldwide,  the  propaga¬ 
tion  environment  and  resulting  link  reliability  is  an 
issue  of  serious  concern  to  Army  communications- 
systems  planners.  This  concern  becomes  even  greater 
in  light  of  current  initiatives  to  gain  additional  sys¬ 
tem  capacity  through  modification  of  legacy  systems 
and  insertion  of  evolving  communications  system 
technology.  In  response  to  serious  fading  problems 
encoimtered  during  Operation  Desert  Storm  [1],  the 
U.S.  Army  Conununications-Electronics  Command 
(CECOM),  in  cooperation  with  the  Project  Manager, 
Joint  Tactical  Area  Communications  Systems  (PM 
JTACS),  initiated  several  efforts  that  addressed  the 
subject  of  LOS  propagation  reliability.  These  efforts 
resulted  in  enhanced  network  planning  and  man¬ 
agement  tools  that  accounted  for  the  impacts  of  cli¬ 
mate-induced  fading  and  improved  operational  pro- 
cedmes  for  establishing  LOS  links  [2,  3,4]. 


The  link  propagation  reliability  associated  with  mi¬ 
crowave  line-of-sight  fading,  caused  by  atmospheric 
layering,  changes  from  month  to  month  as  tempera¬ 
ture,  humidity,  and  wind  patterns  change.  Commer¬ 
cial  practice  has  been  to  design  links  using  the 
propagation  reliability  for  the  worst  month  of  the 
year.  The  assumption  there  is  that  the  links  will  be  in 
service  for  many  years  and  will  operate  on  a  year- 
round  basis.  This  assumption  is  not  valid  for  tactical 
links  that  have  a  transient  existence.  This  paper  ex¬ 
tends  the  previous  CECOM  work  and  describes 
propagation  reliability  for  links  that  must  be  highly 
reliable  and  may  be  in  service  for  as  short  a  time  as 
an  hour.  This  is  accomplished  by  providing  a  bad- 
hour  probability  of  fading  for  a  calendar  month.  A 
bad  hour  is  defined  as  the  hour  with  the  largest  con¬ 
centration  of  fading  in  a  calendar  month.  The  pre¬ 
dicted  concentration  is  to  be  viewed  as  an  average 
over  many  years  for  a  calendar  month.  The  purpose 
of  this  paper  is  to  describe  these  new  reliability  con¬ 
cepts  and  a  model  for  predicting  bad-hour  reliability. 
The  model  can  be  used  for  narrowband  radio  chan¬ 
nels  and  in  some  cases  for  wideband  digital-radio 
channels  when  the  dispersive  fade  margin  is  much 
larger  than  the  thermal-noise  fade  margin  [5]. 
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Army  Tactical  Communications 

Legacy  Systems,  The  Army’s  Area  Common  User 
System  (ACUS)  consists  of  the  Mobile  Subscriber 
Equipment  (MSE)  at  echelons  coips  and  below 
(ECB)  and  the  Tri-Service  Tactical  Communications 
System  (TRI-TAC)  at  echelons  above  corps  (EAC). 
The  MSE  system  is  a  fully  automated  area-common- 
user  system  providing  voice  and  data  communica¬ 
tions  within  the  corps  structure  and  interoperability 
with  adjacent  corps  and  EAC  forces,  North  Atlantic 
Treaty  Organization  (NATO)  forces,  and  commer¬ 
cial  networks.  TRI-TAC  is  an  automated  switching 
service  that  provides  both  voice  and  data  commimi- 
cations  for  theater  tactical  corps  and  above  forces.  It 
is  a  digital,  secure,  common-user  network,  which 
provides  subscribers  with  connectivity  to  strategic 
systems,  the  MSE  system,  commercial  networks, 
other  services’  systems,  and  allied  networks. 

Both  MSE  and  TRI-TAC  consist  of  digital  switches 
that  use  time-division  multiplexing  operating  at  16 
or  32  kilobits  per  second  (kbps).  MSE  switches  are 
supported  by  transmission  systems  that  range  from  8 
to  64  chaimels,  while  EAC  is  deployed  with  trans¬ 
mission  systems  that  range  from  4  to  144  channels. 
It  is  expected  that  information-transport  require¬ 
ments  for  the  digitized  battlefield  will  exceed  the 
capacity  of  these  legacy  transmission  systems.  The 
future  infrastracture  must  support  anticipated  re¬ 
quirements  that  will  range  from  1.544  megabits  per 
second  (Mbps)  for  extension  nodes  to  10  Mbps  or 
greater  for  interswitch  links.  In  anticipation  of  future 
needs  for  higher  capacity,  there  is  a  CECOM  Re¬ 
search,  Development  and  Engineering  Center 
(RDEC)  effort  for  45-  and  156-Mbps  systems. 

PM  JTACS  is  executing  an  ACUS  modernization 
plan  (MP)  that  will  support  the  migration  of  the 
Army’s  ACUS  to  the  Warfighter  Information  Net¬ 
work  (WIN).  WIN  is  a  coherent  information  systems 
architecture  needed  to  support  the  requirements  of 
the  21st-century  force  (Force  XXI).  As  part  of  the 
ACUS  MP,  existing  GRC-226  and  GRC-222  radios 
used  for  intemodal  connectivity  will  be  replaced  by  a 
High-Capacity  LOS  (HCLOS)  radio  system  provid¬ 
ing  additional  throughput  to  support  emerging  re¬ 
quirements  for  the  high  levels  of  voice,  data,  video 
and  imagery  traffic  and  the  introduction  of  asyn¬ 
chronous  transfer  mode  (ATM)  switching,  also 
planned  as  part  of  the  MP. 

Battlefield  Information  Transmission  System.  The 
Battlefield  Information  Transmission  System  (BITS) 
is  an  umbrella  program  comprising  the  Digital  Bat¬ 


tlefield  Communications  (DBC)  Advanced  Technol¬ 
ogy  Demonstration  (ATD),  SPEAKEASY,  Com¬ 
mercial  Communications  Technology  Laboratory 
(C2TL),  Advanced  Concepts  and  Technology  (ACT 
II),  and  related  programs.  BITS  will  provide  ena¬ 
bling  technologies  for  ACUS  and  WIN. 

A  major  thrust  of  BITS  and  the  DBC  ATD  is  a  series 
of  High-Capacity  Trunk  Radios  (HCTRs)  designed  to 
provide  greater  capacities  for  the  ACUS  and  to  sup¬ 
port  requirements  for  a  mobile  Radio  Access  Point 
(RAP).  The  RAP,  using  the  HCTR  and  advanced 
phased-array  antenna  technology,  will  provide  on- 
the-move  connectivity  between  highly  mobile  forces 
at  brigade  and  the  fixed  ATM  infrastructure.  The 
HCTR  research  and  development  efforts  will  also 
help  to  define  appropriate  technology  for  the  next- 
generation  ACUS  LOS  radio. 

The  HCTR(-),  with  a  performance  goal  of  45  Mbps 
and  a  range  of  25  kilometers  (km),  will  be  demon¬ 
strated  during  the  Division  XXI  Advanced  Warfight¬ 
ing  Experiment  (AWE)  to  show  the  potential  of 
ATM  technology  with  MSE.  The  HCTR(-)  is  a 
commercially  available  product  selected  as  the  result 
of  a  market  survey  sponsored  by  the  DBC  ATD.  The 
objective  HCTR  is  a  developmental  effort  and  will 
provide  a  minimum  throughput  of  45  Mbps,  in  both 
stationary  and  mobile  operation.  The  objective 
HCTR  will  be  demonstrated  in  conjunction  with  the 
RAP  during  the  Corps  XXI  AWE  and  Joint  War¬ 
fighter  Interoperability  Demonstration  (JWID)  ’99. 

CECOM  Propagation  Reliability  Background 

An  LOS  propagation-reliability  working  group,  con¬ 
vened  by  CECOM  has  developed  a  propagation- 
reliability  model  of  clear-air  multipath  fading  suit¬ 
able  for  link  engineering  of  LOS  Army  tactical  radio 
[6].  This  program  was  stimulated  by  reports  from 
LOS  operators  indicating  that  path  reliability  on 
many  of  their  radio  links  was  a  daily  problem  during 
operations  in  Southwest  Asia  (SWA).  The  climate  in 
SWA  and  elsewhere  is  known  to  be  difficult  for  LOS 
radio  propagation  because  of  the  high  incidence  of 
clear-air  refractive  effects  causing  large  and  frequent 
reductions  in  received  signal  strength  (RSS),  referred 
to  as  multipath  fading. 

The  ability  of  an  LOS  radio  installation  to  withstand 
decreases  in  RSS  is  represented  by  its  fade  margin, 
i.e.,  the  amount  of  power  in  dB  by  which  the  average 
RSS  exceeds  the  receiver’s  threshold  for  a  permissi¬ 
ble  bit-error-rate,  say  10"^.  The  propagation- 
reliability  model  for  multipath  fading  relates  fade 
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margin  to  path  reliability  with  site-specific  parame¬ 
ters  of  path  length,  frequency,  and  calendar-month 
climate  factors  [6,  7],  Link  engineering  is  executed 
by  calculating  the  fade  margin  required  to  obtain  an 
objective  path  reliability  for  given  parameter  values. 
The  link  is  satisfactorily  engineered  if  its  fade  mar¬ 
gin  equals  or  exceeds  the  required  fade  margin.  This 
propagation  reliability  model  has  been  incorporated 
in  a  battlefield  automated  system,  the  JTACS  Net¬ 
work  Planning  Terminal  (NPT)  [2,  3]  for  MSE.  The 
propagation  reliability  is  the  complement  of  the 
probability  of  fading.  For  example,  a  probability  of 
fading  of  0.01  (one  percent)  corresponds  to  a  propa¬ 
gation  reliability  of  0.99.  All  probabilities  in  this 
paper  are  expressed  as  fractions  (not  as  percentages). 

Climate  Factors.  The  propagation  reliability  model 
describes  the  transmission  effects  of  the  atmosphere 
on  LOS  links  at  tactical  radio  frequencies.  Horizon¬ 
tal  layers  of  differing  humidity  and  temperature 
provide  the  mechanism  for  multiple  rays  from  the 
transmitter  to  reach  the  receiving  antenna.  The  re¬ 
ceived  power  during  such  multipath  propagation 
varies  rapidly  in  time  (fades)  because  of  the  interfer¬ 
ence  between  the  multiple  rays.  Superimposed  on 
this  fast  fading  is  a  slower  variation  associated  with 
ducting. 

The  effects  of  geophysical  and  meteorological  vari¬ 
ables  are  consolidated  into  an  empirical  coefficient, 
the  climate  fector,  because  analytical  description  of 
these  effects  is  intractable.  Values  for  the  climate 
factor  range  from  0  to  about  100.  The  climate  factors 
pertain  to  the  existence  of  horizontal  atmospheric 
layers  of  differing  humidity  and  temperature.  Fading 
can  vary  from  insignificant  at  freezing  temperatures 
to  substantial  at  warm  temperatures.  There  is 
monthly  variation  in  the  amount  of  fading  even  in 
climates  where  fading  is  present  year-round. 
Monthly  climate  factors  have  been  developed  for  the 
NPT  [7].  There  can  also  be  significant  hourly  con¬ 
centration  in  a  fading  month  [8].  A  model  of  the 
hourly  concentration  effect  is  introduced  and  apphed 
in  this  paper. 

Deep-Fade  Region 

Historically,  parameters  in  the  probability  of  fading 
have  been  defined  in  terms  of  equations  for  the  deep- 
fade  region  where  the  received  signal  has  a  value 
that  is  much  smaller  than  the  value  of  the  signal  in 
the  absence  of  fading.  This  has  come  about  because 
much  of  the  development  of  the  probability  of  fading 
has  been  associated  with  conunercial  radio  systems 
that  can  operate  reliably  in  the  presence  of  large  re¬ 


ductions  of  RSS  (deep  fades).  The  signal  strength  in 
the  equations  in  this  paper  is  described  in  terms  of  a 
fade  depth  (A) 

A  =  -10  log  (normalized  power)  (1) 

where  normalized  power  describes  the  received  sig¬ 
nal  as  a  fraction  of  the  received  power  in  the  absence 
of  fading.  For  example,  a  normalized  power  of  0.01 
corresponds  to  a  fade  depth  of  20  dB.  The  calendar- 
month  probability-of-fading  equations  developed  by 
CECOM  classify  fades  as  deep  when  A  is  25  dB  or 
greater. 

The  mathematical  expression  for  the  calendar-month 
probability  of  fading  in  the  deep  fade  region  is  [6] 

Pm(A)  =  C„  Ki^  10-"^®,  A  >25  (2) 

This  is  the  probability  that  the  received  signal  has 
faded  to  depth  A  or  more.  The  link  parameter  Kiink 
contains  the  path  length  (D,  in  km)  and  the  radio 
frequency  (F,  in  GHz) 

Kiink  (3) 

The  calendar-month  climate  factor  Cm  is  obtained 
from  charts  or  computer  databases  [7].  Descriptive 
categories  of  climate  in  terms  of  Cm  are  1  (average), 
10  (difficult),  and  100  (very  difficult). 

Shallow-Fade  Region 

Tactical  wireless  communications  links  are  designed 
for  parameter  values  different  from  those  for  com¬ 
mercial  links.  The  probability  of  fading  in  the  shal¬ 
low-fade  region,  A  <  25  dB,  is  important  for  the  de¬ 
sign  and  operation  of  tactical  links.  The  shallow-fade 
calendar-month  probability  of  fading  developed  by 
CECOM  [6,  9],  based  on  international  information, 
is 

Pn.(A)  =  1  -  exp(-10‘'^‘><'^^®),  A  <  25  (4) 

where 

q(A)  =  2  +  K(A)(qt+R(A))  (5) 

K(A)  =  iQ-®®'®  ^  (1  +  0.3  10'*^°)  (6) 

R(A)  =  4.3  (10’"^®  (A/800))  (7) 

qt  =  ((r-2)/K(25))-R(25),qt>-2  (8) 

r  =  -0.81og[-ln(l-P„(25))]  (9) 

where  Pm(25)  is  obtained  from  the  deep-fade  prob¬ 
ability  of  fading. 
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Defocusing  Region 

It  is  common  knowledge  that  during  periods  of 
heavy  fading  the  average  value  of  the  received  signal 
can  become  smaller  than  the  value  of  the  received 
signal  in  the  absence  of  fading.  This  depression  of 
the  received  signal  is  associated  with  strong  atmos¬ 
pheric  layering  (ducting).  To  allow  representation  of 
possible  defocusing  during  the  bad  hour,  the  de¬ 
scription  in  this  paper  of  the  probability  of  fading  is 
split  into  three  regions.  Fading  more  severe  than  that 
described  by  the  Rayleigh  distribution  is  in  the  defo¬ 
cusing  region  (see  Figure  1).  The  expressions  for  the 
fading  probabilities  in  the  deep-fade  and  shallow- 
fade  regions  in  Figure  1  remain  as  in  the  previous 
sections.  Mathematically,  the  shallow-fade  equation 
applies  when  r  <  2.  The  shallow-fade  equation  be¬ 
comes  the  Rayleigh  distribution  when  r  =  2. 

The  working  hypothesis  in  this  paper  is  that  the 
fading  probability  in  the  defocusing  region  can  be 
represented  by  a  Rayleigh  distribution  with  a  smaller 
(depressed)  root-mean-square  (rms)  value.  This  is  a 
physically  reasonable  approach  that  permits  more 
realistic  modeling  of  fading  in  the  defocusing  region 
than  was  previously  possible.  It  would  be  desirable  to 
perform  analysis  of  fading  data  to  test  or  modify  the 
hypothesis. 

The  bad-hour  probability  of  fading  in  the  defocusing 
region,  expressed  a  Rayleigh  distribution  with  a  de¬ 
pressed  rms  value,  is 

Ph(A)  =  1  -  any  A  (10) 

where  DL  is  the  defocusing  loss  in  positive  dB.  The 
deep-fade  expression  corresponding  to  this  is 

Ph(A)  =  (A-DL)  >25  (11) 

In  terms  of  the  calendar-month  probability  of  fading, 
from  Equation  2, 

Ph(A)  =  730  Km,  lO-^'®,  large  A  (12) 

where  K^h  is  the  fraction  of  the  calendar-month 
fading  contained  in  the  bad  hour.  The  factor  730 
comes  from  the  renormalization  of  probability  (there 
are  730  hours  in  an  average  month,  365  x  24/12). 
The  expression  for  DL,  obtained  by  combining  the 
above  two  equations,  is 

DL  =  10  log(730  On  Kiink),  DL  ^0  (13) 

The  probability  of  fading  is  in  the  defocusing  region 
when  DL  is  positive.  If  DL  is  negative,  then  equa¬ 


tions  for  the  deep  or  shallow  fading  region  must  be 
used. 

Parameter  Values 

The  bad-hom  fading  fraction  Kn*  is  certainly  a 
function  of  meteorological  variables.  It  has  a  rela¬ 
tively  large  value  when  the  climate  is  average  [8], 
Conversely,  it  can  be  expected  to  have  a  relatively 
small  value  when  many  hours  in  a  month  contain 
severe  fading.  A  meteorological  description  of  K^h 
requires  a  separate  investigation,  but  we  can  use  the 
above  two  statements  to  construct  a  representative 
equation  for  K^h  for  use  in  illustrative  application  in 
this  paper.  The  function  that  we  construct  has  a 
value  of  b  for  an  average  climate  (Cm  =  1)  and  de¬ 
creases  to  a  value  of  a  when  Cm  becomes  large 

Kmh  =  a  +  (b  -  a)/Cm,  Cm  >  0. 1  (14) 

Measurements  in  the  United  States  suggest  that  [8] 

b  =  0.2  (15) 

To  obtain  a  value  for  a,  we  consider  a  hypothetical 
cliihate  with  a  very  large  Cm,  where  fading  is  severe 
and  approximately  equal  for  four  hours  eveiy  day. 
Then  all  the  fading  in  the  month  is  contained  in 
121.7  hours  of  equal-intensity  fading  (from  1/6  of 
730  hours  in  an  average  month).  The  fraction  of 
fading  in  one  hour  is  therefore  (from  1/121.7) 

a  =  0.0082  (16) 

The  behavior  of  our  illustrative  bad-hour  fading 
fraction  as  a  function  of  Cm  for  these  coefficients  is 
shown  in  Figure  2. 

The  value  of  Ph(A)  is  much  larger  than  the  value  of 
Pm(A)  for  the  same  large  value  of  A  because  of  the 
concentration  of  fading  in  the  bad  hour  and  the 
renormalization  of  probability  (the  denominator  in 
the  probability  becomes  smaller  by  a  factor  of  730). 
This  increase  can  be  illustrated  by  considering  an 
equivalent  bad-hour  climate  factor  (from  Equation 
12) 

Ch  =  730KmhCm  (17) 

Values  of  Ch  as  a  function  Cm,  for  Kmh,  as  described 
in  Equations  14  to  16,  are  shown  in  Figure  3.  The 
large  values  of  Ch  substantiate  the  need  for  a  new 
description  of  the  fading  probability  in  the  defocus¬ 
ing  region.  Furthermore,  the  implied  large  values  of 
Ph(A)  suggest  reconsideration  of  link  engineering 
and  the  requirements  for  link  performance. 
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Examples 

We  present  fading  probabilities  for  path  lengths  of 
25  kilometers  (maximum  MSE  link  length)  and  40 
kilometers  (maximum  length  of  links  for  EAC  use) 
to  illustrate  prediction  and  application  of  the  prob¬ 
ability  of  fading  for  a  bad  hour.  The  radio  frequency 
in  the  examples  is  5.0  GHz,  in  recognition  of  the 
suitability  of  frequencies  in  that  neighborhood  for 
high-capacity  radio  channels.  The  probabilities  are 
presented  for  average  climate  (Cm  ==  1,  Figure  4), 
difficult  climate  (Cm  =  10,  Figure  5),  and  very  diffi¬ 
cult  climate  (Cm  =  100,  Figure  6).  The  bad-hour 
fading  fraction  Kmh  is  obtained  from  Equation  (14). 
Each  figure  shows  calendar-month  fading  probability 
Pm  and  the  corresponding  bad-hour  fading  probabil¬ 
ity  Ph  for  the  two  path  lengths.  The  numbers  on  the 
probability  curves  identify  path  length.  The  letter  m 
identifies  curves  of  Pm,  and  the  letter  h  identdies 
curves  of  Ph.  The  curve  for  the  Rayleigh  probability 
distribution  (rms  value  equal  to  zero  fade  level), 
identified  by  the  letter  R,  is  included  for  comparison. 

It  is  intuitively  obvious  that  the  probability  of  fading 
for  a  bad  hour  is  larger  than  the  probability  of  fading 
for  a  month  because  the  latter  can  be  viewed  as  the 
average  over  the  hours  in  the  month.  The  examples 
in  Figures  4  through  6  allow  numerical  comparison. 
Suppose  the  links  are  designed  such  that  Pm  is  0.001 
(propagation  reliability  of  0.999).  Let  the  fade  mar¬ 
gin  for  this  design  be  denoted  by  Ao.ooim-  The  quan¬ 
tity  of  interest  is  the  ratio  Ph/Pm  at  Ao  ooim-  These 
ratios  are  listed  in  Table  1.  The  largest  ratio  is  156 
for  a  25-kilometer  path  in  an  average  climate.  Ratios 
for  the  other  climates  are  smaller  because  the  con¬ 
centration  of  fading  in  a  bad  hour  decreases  as  the 
climate  becomes  more  severe. 

Link-design  issues  for  bad-hour  performance  are 
highlighted  when  the  fade  margin  to  achieve  a  cer¬ 
tain  transmission  performance  is  plotted  as  a  func¬ 
tion  of  the  desired  value  of  Ph  in  Figure  7,  The  prob¬ 
ability  scale  covers  Ph  values  from  0.001  to  0.1,  cor¬ 
responding  to  propagation  reliabilities  of  0.999  to 
0,9.  The  number  on  the  left  on  each  curve  is  the  path 
length  in  kilometers.  The  number  on  the  right  is  the 
value  of  Cm.  A  fade  margin  of  over  50  dB  is  needed 
to  achieve  a  bad-hour  propagation  reliability  of  0.999 
on  a  40-kilometer  link  in  a  very  difficult  climate. 
Equipment  may  not  support  such  large  fade  margins, 
and  0.999  reliability  for  a  bad  hour  may  be  an  un¬ 
realistic  requirement. 

Outage  time  instead  of  propagation  reliability  in  a 
bad  hour  may  be  a  way  to  address  bad-hour  trans- 


Tablel,  Comparison  of  Calendar-Month 
_  and  Bad-Hour  Fading _ 


C„ 

D,  km 

Ao.ooim,  dB 

Ph/Pm 

1 

25 

14.7 

156 

1 

40 

.  22.4 

145 

10 

25 

25.:^ 

20 

10 

40 

.  32.7 

20 

100 

25 

35.3 

7 

100 

40 

42.7 

7 

mission  performance.  Fade  margins  as  a  function  of 
allowed  bad-hour  outage  time  are  shown  in  Figure  8. 
Curves  for  15-kiiometer  links  have  been  added  in 
acknowledgment  of  the  fact  that  link  design  for  a 
bad  hour  may  require  shorter  paths.  The  required 
fade  margin  for  a  40-kilometer  link  in  a  very  diffi¬ 
cult  climate  is  smaller  than  40  dB  when  an  outage  of 
100  seconds  is  allowed  (propagation  reliability  of 
0.972),  The  suitability  of  such  a  design  depends  on 
the  composition  of  fade  events  (number  and  dura¬ 
tion)  contained  in  the  100  seconds,  the  type  of  com¬ 
munications  traffic,  and  the  network  protocol.  Crite¬ 
ria  for  transmission  performance  during  a  bad  hour 
is  an  area  for  future  work. 

Conclusions  and  Recommendations 

This  paper  has  continued  the  evolution  of  CECOM 
propagation-reliability  work  by  describing  new  reli¬ 
ability  concepts  and  developing  a  new  propagation- 
reliability  model  for  links  that  may  be  in  service  in  a 
bad  hour.  Examples  show  that  links  engineered  for  a 
monthly  propagation  outage  may  have  a  propagation 
outage  from  7  to  156  times  worse  in  the  bad  hour  of 
the  month,  depending  on  the  fading  climate.  This 
suggests  reconsideration  of  link  engineering  to  in¬ 
clude  link  reliability  for  any  hour  in  the  month.  For 
example,  the  nominal  monthly  link  propagation- 
reliability  objective  of  0.999  may  not  be  appropriate 
for  every  hour  in  the  month. 

Further  research  of  the  hourly  propagation-reliability 
model  and  criteria  for  transmission  performance 
during  a  bad  hour  are  areas  for  future  work.  How¬ 
ever,  immediate  application  of  the  simple  hourly  link 
propagation-reliability  model  to  existing  and 
planned  Army  LOS  radio  systems  is  recommended. 
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Figure  4 
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Introduction 

As  tactical  applications  and  users  have  become  more  sophisticated,  a  need  for  a  consistent  four  dimensional 
volume  of  environmental  information  has  become  evident.  This  paper  discusses  the  Naval  Research 
Laboratory’s  first  effort  to  provide  a  three  dimensional  consistent  volume  of  atmospheric  data  to  support  an 
electromagnetic  propagation  application,  the  Radio  Physics  Optics  (RPO)  model.  From  this  experience, 
and  as  computer  workstations  become  more  powerful  the  Laboratory  hopes  to  be  able  to  forecast  as  well  as 
analyze  the  atmospheric  volume  adding  the  fourth  dimension,  time.  This  work  was  funded  by  the  Office  of 
Naval  Research  and  the  Oceanographer  of  the  Navy  through  the  Space  and  Naval  Warfare  Systems 
ConMnand. 

The  Ship  Anti-submarine  warfare  Readiness  Effectiveness  Measurement  (SHAREM)  1  lOA  exercise  in  the 
Arabian  Gulf  was  chosen  as  the  first  opportunity  to  test  such  an  analysis  scheme  in  an  operational  setting. 
SHAREM  exercises  are  coordinated  by  the  Surface  Warfare  Development  Group  (SWDG)  in  Little  Creek, 
Virginia.  They  are  Naval  Exercises  that  have  a  scientific  bent  to  them  allowing  for  the  investigation  of  a 
particular  phenomenon. 
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One  of  the  areas  that  SHAREM  1  lOA  was  designed  to  examine  was  the  radar  ducting  environment  of  the 
Arabian  Gulf.  The  participating  vessels  were  an  Aegis  Cruiser  USS  Lake  Erie,  a  destroyer  USS  David  R 
Ray,  a  frigate  USS  Vandegift  and  a  research  vessel  from  the  Naval  Oceanographic  Office  USNS  Silas  Bent. 
To  provide  observation  data  for  the  analysis,  the  USNS  Silas  Bent,  USS  David  R  Ray,  and  USS  Lake  Erie 
all  had  a  balloon  sounding  capability.  A  rocketsonde  was  also  installed  aboard  USS  Lake  Erie  and  a 
helicopter  with  a  dropsonde  capability  was  embarked  aboard  USS  Vandegrift.  Special  surface 
meteorological  sensing  instruments  were  installed  aboard  USS  Lake  Erie.  Five  fights  by  an  instrumented  C- 
130  provided  by  the  Met  Research  Flight  of  the  UK  provided  data  which  will  be  used  to  verify  the  analysis. 

Operational  Concept  of  SHAREM  IlOA 

Figure  1  shows  the  communications  links  which  were  utilized  during  the  exercise.  The  data  flow  starts  with 
the  running  of  a  regional  forecast  model  at  the  Fleet  Numerical  Meteorology  and  Oceanography  Center 
(FNMOC).  This  model,  the  Naval  Operational  Regional  Atmospheric  Prediction  System  (NORAPS)  is  a 
36  level  model  that  was  run  at  a  20  km  horizontal  resolution.  Meteorologists  are  accustomed  to  using 
model  data  which  has  been  interpolated  on  constant  pressure  levels  such  as  the  500  mb  surface.  In  this  case 
as  much  vertical  structure  as  possible  was  required.  The  model  data  was  provided  to  the  site  in  Bahrain 
(Naval  Pacific  Meteorology  and  Oceanography  Detachment,  NPMOD,  colocated  with  the  U  S  Naval 
Central  Command,  NAVCENT)  in  Sigma-P  coordinates.  Sigma-P  is  the  ratio  of  the  grid  pressure  to  the 
surface  pressure.  The  lower  18  levels  (up  to  approximately  10,000ft)  of  wind  (U  and  V  components), 
temperature,  and  mixing  ratio  and  the  terrain  pressure  and  surface  temperature  were  sent  to  NPMOD.  This 
model  data  was  provided  at  forecast  intervals  of  3  hours  from  9  hours  past  the  model  analysis  time  (OZ  or 
12Z)  out  to  24  hours. 

Hie  observations  from  the  participating  ships  were  sent  back  to  NPMOD  on  a  circuit  known  as  the  Officer 
in  Tactical  Command  Information  Exchange  System  (OTCIXS).  This  is  a  satellite  communications  link  for 
ships  operating  together.  The  World  Meteorological  Organization  (WMO)  codes  were  used  to  encode  the 
observations  using  the  standard  definitions  of  significant  data  points  (Federal  Meteorological  Handbook  No 
4).  The  analyses  were  later  redone  in  Monterey  using  radiosonde,  dropsonde,  and  rocketsonde  data  which 
were  reprocessed  from  data  taken  every  2  seconds  in  an  attempt  to  capture  more  detail  than  required  by  the 
standard  definition  (except  for  the  USS  David  R  Ray’s  soundings  where  only  the  encoded  message  was 
available). 

At  NPMOD  the  model  data  was  fuzed  with  the  observation  data  (both  land  and  ship  observations)  using  the 
analysis  techniques  to  be  discussed  in  the  next  section  and  3-D  volumes  of  modified  refractivity  index  (M- 
Units)  were  calculated.  A  small  subset  of  M-Units  plus  the  parameters  used  to  calculate  the  evaporative 
duct  height  were  packaged  for  transfer  to  USS  Lake  Erie  via  OTCIXS  for  use  with  RPO. 

Techniques  utilized  for  data  fusion  at  NPMOD 

The  Multivariate  Optimum  Interpolation  (MVOI)(Barker  1992)  is  the  central  component  of  the  data  fusion 
process.  The  MVOI  is  the  analysis  scheme  used  at  FNMOC  to  analyze  the  atmosphere  in  preparation  for 
forecast  model  initialization.  As  implemented  at  FNMOC,  MVOI  is  a  geostrophically  constrained  analysis 
of  heights  and  winds  on  standard  meteorological  pressure  surfaces  (1000  - 10  mb).  The  application  has 
controls  for  not  using  the  geostrophic  constraint  during  the  analysis.  The  MVOI  is  capable  of  analyzing  a 
wide  array  of  different  atmospheric  observation  types  including  standard  surface  observations,  radiosonde 
observations,  aircraft  observations.  Special  Sensor  Microwave  Imagery  (SSMI),  satellite  soundings,  and 
cloud  track  winds. 

During  SHAREM  1  lOA  the  goal  was  to  support  the  RPO  application  with  vertical  profiles  of  refractivity 
derived  from  moisture  and  temperature  along  with  the  surface  wind  speed.  These  profiles  would  need  to 
capture  as  accurately  as  possible  the  vertical  atmospheric  structures.  In  order  to  attempt  to  capture  the 
vertical  features  desired,  the  sigma-P  definitions  from  the  supporting  NORAPS  model  were  used.  The 
lowest  18  sigma-P  ratios  were  multiplied  by  a  surface  pressure  from  one  of  the  participating  units  to  define 
18  analysis  levels  between  the  surface  and  approximately  10,000  ft.  Table  1  shows  the  sigma-P  ratios  used. 
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To  provide  data  for  each  analysis  level  the  profile  data  (radiosondes,  dropsondes,  and  rocketsondes)  were 
interpolated  to  the  level  using  log-  P  as  the  vertical  coordinate. 

0.999  0.969  0.91 

0.9965  0.96  0.895 

0.993  0.95  0.87 

0.989  0.94  0.83 

0.984  0.93  0.77 

0.977  0.92  0.6925 


Table  1:  Sigma-P  Ratios  used  during  SHAREM  1  lOA 

Since  MVOI  does  not  provide  any  information  about  the  moisture  distribution,  a  Cressman  dewpoint 
depression  analysis  was  provided  by  Dr  James  Goerss  of  NRL.  The  Cressman  analysis  only  uses 
radiosonde  data  in  the  analysis.  The  Cressman  analysis  is  performed  in  three  passes  with  the  initial  radius 
of  influence  set  to  eight  grid  points. 

During  the  exercise  the  temperatures  were  computed  from  the  layer  thicknesses.  Figure  2  shows  one  of  the 
resulting  analyzed  profiles.  The  noise  in  the  profile  was  recognized  as  temperature  buckling  (Barker  1980). 
This  is  caused  by  small  errors  in  the  height  analysis  which  result  in  large  temperature  deviations  for  thin 
layers.  To  correct  the  temperature  buckling  problem  a  Cressman  temperature  analysis  was  also 
implemented.  The  heights  from  the  MVOI  and  the  temperatures  from  the  Cressman  analysis  were  then 
placed  into  hydrostatic  balance  (Barker  1980).  Figures  3  through  6  show  results  after  these  changes. 

Figure  3  is  the  temperature  and  moisture  profiles  from  a  single  sounding  from  the  USS  Lake  Erie.  The 
figure  shows  that  the  analysis  forced  the  profile  closer  to  the  observed  profile  demonstrating  some  ability  to 
reflect  some  of  the  structure  in  the  sounding.  However,  the  higher  in  the  volume  the  smoother  the  analyzed 
profile  becomes  due  to  the  reduced  density  of  analysis  levels. 

Figures  4  through  6  are  from  a  time  when  three  simultaneous  soundings  were  taken.  Here  a  low  level 
inversion  is  analyzed  based  on  the  feature  from  the  USNS  Silas  Bent  sounding.  In  this  case  the  USS  T  .alcp. 
Erie  is  on  the  northwest  side  of  the  other  ships.  The  USNS  Silas  Bent  is  about  one  grid  point  south  and 
USS  David  R  Ray  is  about  one  grid  point  to  the  east. 

In  digitized  (gridded)  atmospheric  data  it  is  generally  understood  that  the  value  at  the  grid  point  represents 
the  average  value  of  that  parameter  in  the  volume  surrounding  that  grid  point.  The  Cressman  analysis 
techniques  not  only  averages  within  the  grid  volume  but  allows  data  from,  in  this  case,  8  grids  points  away 
to  have  an  effect  on  the  value  at  a  specific  grid  point.  Here  the  interplay  of  the  3  radiosondes  has  produced 
a  shallow  inversion  over  the  three  depicted  locations.  Ihe  soundings  would  seem  to  show  that  the  inversion 
only  existed  at  the  location  of  the  USS  Silas  Bent.  Atmospheric  features  that  are  smaller  than  the  horizontal 
spacing  of  the  grid  will  be  miss  represented  as  in  this  example. 

Suiiunary 

Tlie  analysis  software  developed  to  support  the  SHAREM  exercises  has  shown  skill  in  improving  forecast 
fields  of  temperature  and  moisture  by  using  real  time  observations.  This  improvement  includes  modifying 
the  values  of  the  points  closer  to  those  observed  and  more  accurately  depicting  the  vertical  structure.  These 
volumes  of  data  will  next  be  checked  against  an  independent  data  set  provided  by  the  Met  Research  Flight 
instrumented  C-130  to  quantify  the  accuracy. 
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SHAREM  110  EM/EO  Support  System  Demo 
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Figure  1:  Data  Transfers  During  SHAREM  1  lOA 
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Temperature  and  Moisture  Profiles  from  USS  Lake  Erie 


Figure  5;  Temperature  and  Moisture  Profiles  from  USNS  Silas  Bent 
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Introduction 

This  paper  describes  a  prototype  tactical  decision  aid  called  SEAWASP  (Shipboard 
Environmental  AssessmentAVeApon  System  Performance),  developed  by  the  AEGIS  Shipbuilding 
Program  to  demonstrate  the  feasibility  of  in  situ  estimation  of  radar  and  weapon  system 
performance.  The  need  for  this  capability  has  been  made  clear  by  the  wide  range  of  radar 
performance  experienced  by  AEGIS  ships  in  operational  exercises  and  confirmed  in  post-test 
analyses  during  the  past  12  years.  AN/SPY- 1  track  initiation  ranges  have  been  observed  to  vary 
by  factors  of  two  or  more  for  the  same  target  due  to  atmospheric  conditions;  surface  clutter 
conditions  have  also  been  seen  to  vary  enormously.  Both  of  these  effects  are  most  severe  in 
particular  littoral  environments  where  strong  refractive  inhomogeneities  are  prevalent  due  to  land 
influences  and  land  backgrounds  result  in  large  clutter  returns.  Furthermore,  the  importance  of 
accounting  for  these  effects  is  heightened  as  anti-ship  missile  threats  develop  toward  increasing 
speeds  and  decreasing  radar  cross  sections  and  altitudes. 

The  initial  goal  of  SEAWASP  is  to  aid  in  the  selection  of  AN/SPY-1  radar  configuration 
parameters  for  the  variety  of  environments  encountered  by  AEGIS  ships.  Specifically,  radar 
operators  frequently  reduce  sensitivity  to  remove  unwanted  clutter  tracks  without  being  able  to 
assess  Ae  associated  impact  on  target  detection  and  track  capability.  Large  or  extended  surface 
clutter  is  often  due  to  surface  ducting  conditions.  In  these  situations,  reducing  radar  sensitivity 
may  be  justifiable  since  the  ducting  also  increases  the  power  on  low-altitude  targets.  However,  in 
other  cases  this  is  not  true  and  sensitivity  could  be  reduced  to  a  point  where  tracking  performance 
is  significantly  degraded.  SEAWASP  makes  radar  operators  aware  of  impacts  on  performance  of 
radar  configuration  changes  in  the  prevailing  environment.  In  addition  to  aiding  AN/SPY- 1 
configuration,  SEAWASP  can  also  aid  in  depth-of-fire  assessments  for  weapons  doctrine 
selections  and  in  decisions  regarding  ship  placement. 

The  development  of  SEAWASP  was  a  natural  outgrowth  of  earlier  environmental 
characterization  and  system  performance  modeling  efforts  at  JHU/APL  associated  with 
quantitative  post-test  analysis  of  AEGIS  exercises.  During  these  efforts  a  high-fidelity 
propagation  model  (References  1  through  4),  environmental  measurement  techniques  (References 
5  through  7),  and  an  AN/SPY- 1  simulation  were  developed  and  exercised  extensively.  In  the 
course  of  this  work,  an  ability  to  reconstruct  signal  levels  within  nominally  5  dB,  and  firm 
track  ranges  to  within  10%,  in  the  low-altitude  region  was  demonstrated  (Reference  2).  These 
successes  depended,  however,  on  the  acquisition  of  timely,  high-resolution  atmospheric  data. 

Work  is  underway  to  quantify  the  resolution  required  for  accurate  propagation  and  radar 
performance  predictions  (References  8  and  9). 

The  approach  to  performance  assessment  used  in  SEAWASP  was  first  demonstrated  on  an 
AEGIS  cruiser,  the  USS  LEYTE  GULF  (CG  55),  in  1988.  This  work  was  reported  during  an 
NATO  AGARD  (Advisory  Group  for  Aerospace  Research  &  Development)  meeting  devoted  to 
discussion  of  operational  decision  aids  for  dealing  with  propagation  effects  (Reference  10).  The 
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present  SEAWASP  program  was  initiated  in  1992,  and  shipboard  testing  of  the  environmental  data 
acquisition  portion  of  SEAWASP  began  in  1993.  Periodic  testing  aboard  AEGIS  cruisers, 
including  the  USS  PORT  ROYAL  (CG  73)  and  USS  LAKE  ERIE  (CG  70),  has  continued  up  to 
the  present.  The  two  SEAWASP  systems  currently  installed  on  the  USS  ANZIO  (CG  68)  and 
USS  CAPE  ST  GEORGE  (CG  71)  are  the  first  fully  autonomous  versions  of  SEAWASP,  and  will 
undergo  at-sea  evaluation  for  9  to  12  months. 

General  System  Description 

A  high-level  depiction  of  SEAWASP  as  installed  on  CGs  68  and  71  is  illustrated  in  Figure 
1.  SEAWASP  is  comprised  of  two  primary  subsystems:  the  Environmental  Characterization  and 
Radar  Performance  Assessment  Subsystems.  The  former  is  described  only  briefly  here  since  it  is 
the  subject  of  a  companion  paper  in  this  conference.  A  description  of  Environmental  Data 
Processing  functions  is  shared  between  the  two  papers.  The  primary  focus  of  this  paper  is  the 
Radar  Performance  Assessment  Subsystem. 

The  basic  components  of  the  Environmental  Subsystem  are  two  meteorological  masts 
(met  masts),  rocketsondes,  floatsondes,  and  a  data  acquisition/processing  system.  Each  met  mast 
contains  a  microprocessor  controlled  instrument  package  that  measures  air  temperature,  relative 
humidity,  and  wind  speed/direction  at  a  nominal  height  of  9  meters  above  the  sea  surface.  The 
starboard  met  mast  also  includes  a  GPS  antenna/receiver,  a  compass,  and  IR  temperature  sensors. 
The  sonde  receive  antenna,  used  for  both  the  rocketsondes  and  floatsondes,  is  mounted  on  the  port 
met  mast. 

Acquisition,  processing,  management,  and  communication  of  environmental  data  are 
coordinated  by  the  Control  Manager  program  which  runs  on  a  RADISYS  486  processor  board 
under  the  OS/2  operating  system.  This  processor  board  complies  with  the  VME  6U  standard 
adopted  by  the  Navy  and  is  installed  in  the  NGP  AN/UYQ-70  (Next  Generation  Peripheral) 
console  in  the  ships’  computer  rooms  (Computer  Central).  This  subsystem  produces  refractivity 
profiles  that  characterize  propagation  conditions  in  the  ship’s  vicinity.  The  processing  algorithms 
include  surface  layer  (evaporation  duct)  models,  data  smoothing/assimilation/quality  control 
algorithms,  and  expert-system  procedures  which  monitor  changing  conditions  and  are  planned  to 
make  automatic  recommendations  regarding  rocketsonde  and  floatsonde  deployment.  Processed 
data  from  met  masts  and  floatsondes  are  used  primarily  for  evaporation  duct  estimation,  while 
temperature/pressure/humidity  profiles  from  the  rocketsonde  system  characterize  refractive 
stractures  above  the  evaporation  duct.  These  data  are  “blended”  to  form  a  complete 
characterization  of  the  refractivity  profile  in  the  ship's  vicinity.  The  remainder  of  the 
Environmental  Subsystem  processing  functions  are  described  in  the  companion  paper. 

As  seen  in  Figure  2,  the  Radar  Performance  Assessment  Subsystem  is  comprised  of  a 
propagation  model  (TEMPER),  an  AN/SPY- 1  radar  performance  model  (FIRMTOAK),  server 
programs  which  control  data  flow  and  model  execution,  and  a  Human-Machine  Interface  (HMI). 
Functionally,  this  part  of  SEAWASP  accepts  refractivity  profiles  from  the  Environmental 
Subsystem  and  computes  and  displays  AN/SPY-1  performance  estimates  for  the  prevailing  local 
environment,  based  on  ‘live’  radar  settings  and  selected  target  options.  Some  of  these  radar 
settings  are  chosen  automatically  by  the  combat  system,  not  by  an  operator.  SEAWASP  also 
provides  the  capability  for  an  operator  to  enter  trial  radar  doctrine  and  manually  initiate  performance 
assessments.  Results  are  automatically  displayed  along  side  the  performance  assessments  based 
on  the  ‘live’  radar  settings. 

Most  of  the  development  effort  for  the  Performance  Assessment  subsystem  focused  on 
designing  and  implementing  the  HMI  and  client-server  processes,  integrating  tactical  AN/SPY- 1 
radar  settings  via  existing  ship  systems,  and  configuring  hardware  and  software  for  robust, 
autonomous  shipboard  operation.  Propagation  and  AN/SPY- 1  radar  models  were  taken  from 


144 


proven  versions  used  for  in-house  analysis  with  no  substantial  modification. 

The  Radar  Performance  Assessment  portion  of  the  system  runs  on  three  HP  743i 
processors,  each  with  a  dedicated  2-gigabyte  hard  disk,  and  an  X-station.  The  processors  are  in 
the  VME  6U  form  factor,  are  mounted  in  the  NGP  AN/UYQ-70  console,  and  run  under  the  HP- 
UX  operating  system.  The  X-station  and  trackball  are  mounted  above  the  SPY-1  RSC  (Radar 
System  Controller)  console  in  CIC  (Combat  Information  Center)  as  shown  in  Figure  3.  The  X- 
station  in  CIC  is  needed  since  the  RSC  console  in  Baseline  5  Phase  1  is  not  MOTEF/X-Windows 
compatible.  The  processors  and  X-station  communicate  via  a  SEAWASP  ethemet  LAN  (Local 
Area  Network). 

The  two  AEGIS  ships  currently  hosting  SEAWASP  also  have  an  experimental  tactical 
display  system  called  the  Command  Display  &  Control  System  (CDCS),  prototype  to  the  AEGIS 
Display  System  MK  6  presently  under  development.  CDCS  can  drive  two  of  the  four  large-screen 
displays  in  CIC.  The  CDCS  experiment  also  includes  installation  and  operation  of  the  Navy's  new 
MOTIF/X-Windows  capable  AN/UYQ-70  consoles  in  CIC.  SEAWASP’ s  access  to  the  ‘live’ 
radar  settings  is  via  a  router  connection  to  the  CDCS  display  LAN.  In  addition  to  making  combat 
system  data  available,  this  connection  opens  the  potential  for  the  MOTIF-compatible  SEAWASP 
displays  to  be  available  to  all  of  the  AN/UYQ-70  consoles  in  CIC. 

Propagation  Model  (TEMPER) 

SEAWASP  presently  relies  on  the  Tropospheric  ElectroMagnetic  Parabolic  Equation 
Routine  (TEMPER)  to  calculate  RF  propagation  factor  (References  1  through  4).  TEMPER 
calculates  propagation  factor  based  on  refractivity  profiles  supplied  by  the  Environmental 
Characterization  Subsystem.  An  input  file  specifies  antenna  and  frequency  parameters 
corresponding  to  the  lowest  beam  position  of  the  AN/SPY- 1  radar.  TEMPER  calculations  are 
performed  for  the  lowest  1500  feet  of  the  atmosphere  and  out  to  128  nautical  miles  in  range. 

These  parameters  are  chosen  to  support  the  current  SEAWASP  implementation  which  estimates 
AN/SPY- 1  performance  for  low-elevation  targets. 

The  intention  is  to  eventually  replace  TEMPER  with  the  Navy  Standard  propagation  model, 
RPO  (Radio  Physical  Optics)  when  it  is  upgraded  to  achieve  TEMPER’S  fidelity  for  the  low 
elevation  region.  With  the  speed  of  a  hybrid  program  like  RPO,  SEAWASP  could  address  the  full 
AN/SPY- 1  coverage  space.  Also,  as  propagation  over  land  is  introduced,  models  such  as  the 
Advanced  Propagation  Model  (APM),  currently  under  development  by  the  Navy,  will  be 
implemented. 

AN/SPY- 1  Firm  Track  Model  (FIRMTRAK~) 

The  FIRMTRAK  program  uses  an  event-driven,  Monte  Carlo  simulation  to  represent 
track  initiation,  track  maintenance,  and  drop  track  processes  of  AN/SPY- 1.  FIRMTRAK 
randomly  varies  several  parameters,  such  as  target  altitude,  on  each  Monte  Carlo  iteration  to 
accumulate  probabilities  of  tracking  a  target.  System  noise  and  target  RCS  parameters  are 
^^esented  by  multiple  draws  from  a  random  number  generator.  Other  relevant  parameters  in 
FIRMTRAK  include  transmit  power,  transmit  gain,  beam-shape  loss,  search  frame  time  (SFT), 
waveform  mode,  baseline  sensitivity,  sensitivity  time  control  (STC),  pulse  compression,  and 
lEMPER-generated  propagation  factors.  The  elevation  beam  shape,  antenna  height,  pointing 
direction,  and  of  course,  environmental  effects,  enter  via  the  TEMPER  propagation  factor. 

SEAWASP  calls  FIRMTRAK  from  a  main  program  designed  to  represent  the  AEGIS 
Baseline  program  currently  on  CGs  68  and  71,  Baseline  5  Phase  1.  This  main  program  accepts 
AN/SPY- 1  parameters  for  baseline,  sector,  and  subsector  regions  and  creates  the  appropriate 
number  of  input  sets  for  FIRMTRAK  to  represent  performance  for  360  degrees  around  own-ship. 
Results  are  displayed  as  ranges  from  own-ship  corresponding  to  10%,  50%,  and  90%  probability 
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of  firm  track.  Differences  in  the  10%,  50%,  and  90%  ranges  are  an  indicator  of  the  sensitivity  of 
the  calculation.  Track  drops  and  re-acquisitions  are  represented  to  indicate  track  continuity. 

Human-Machine  Interface  CHMD 

SEAW ASP’s  HMI  designed  leveraged  off  of  concepts  and  layouts  already  familiar  to  SPY 
operators  while  maintaining  compatibility  with  developing  AEGIS  combat  system  display 
conventions  and  allowing  for  future  growth  into  planned  assessment  capabilities.  Lessons  learned 
from  at-sea  evaluations  of  a  previous  SEAWASP  display  design  were  also  incorporated  into  this 
version  of  the  HMI. 

The  SEAWASP  HMI  indicates  embedded  hardware  and  software  status  information, 
permits  configuration  of  radar  and  threat  parameters,  provides  for  initiation  and  display  of 
performance  assessments,  and  allows  communications  with  rocketsonde  and  floatsonde  launch 
systems.  It  is  comprised  of  the  following  five  panels:  1.  ‘Status  Message’  Panel,  2.  ‘System’ 
Performance  Assessment’  Panel,  and  3.  ‘Operator’  Performance  Assessment  Panel,  4. 
‘Rocketsonde  Launch’  Panel,  5.  ‘Floatsonde  Launch’  Panel.  The  default  display  includes  the  first 
three  panels  (Figure  4).  The  following  paragraphs  provide  a  high-level  description  of  the  primary 
functions  and  options  of  the  default  panels. 

‘Status  Message’  Panel 

The  ‘Status  Message’  panel  (left-most  panel)  has  three  modes:  Environmental, 
System  and  Operator.  The  Environmental  mode  indicates  the  health  and  activity  of  hardware  and 
software  in  SEAW  ASP’s  Environmental  Characterization  Subsystem.  Hardware  messages  are 
indicated  as  "OK"  or  "Not  Responding"  for  the  compass,  GPS,  IR  surface  and  cloud  sensors,  and 
the  port  and  starboard  met  mast  microprocessors,  temperature  and  humidity  sensors,  and 
anemometers.  The  need  to  change  the  desiccants  in  the  port  or  starboard  met  mast  instrumentation 
packages  is  also  indicated.  Environmental  Software  Status  Messages  indicate  when  the  data 
acquisition  programs  for  met  masts  (MAST),  rocketsonde  (ROCKETX  floatsonde  (FLOAT),  and 
the  processing  programs  for  evaporation  duct  modeling  (EVAP  DUCT),  and 
Rocketsonde/Evaporation  Duct  merging  (RED)  are  "Active"  or  "Inactive". 

Several  Alert  Messages  can  appear  automatically  in  the  lower  part  of  the  ‘Status 
Message’  panel.  These  alerts  can  indicate  rocketsonde  or  floatsonde  launch  requests  ore  a  variety 
of  error  conditions.  Requests  to  launch  rocketsondes  or  floatsondes  are  entered  via  a  small,  hand¬ 
held  VO  terminal  from  the  aft  VLS  deck.  This  I/O  terminal  consists  of  an  integrated  display  and 
key  pad  and  plugs  into  the  starboard  met  mast  instmmentation  package  during  rocketsonde  and 
floatsonde  launches.  Because  rocketsondes  and  floatsondes  use  the  same  receiver,  they  cannot  be 
operated  simultaneously.  An  attempt  to  do  this  triggers  alert  error  messages. 

The  purpose  of  the  System  and  Operator  modes  of  the  ‘Status  Message’  panel  is  to 
indicate,  sector  by  sector,  warnings  for  performance  displays  in  the  corresponding  Performance 
Assessment  Panels.  Because  the  functionality  and  layout  of  the  ‘System’  and‘Operator’ 
Performance  Assessment  panels  are  very  similar,  their  associated  ‘Status  Message’  panel  modes 
are  functionally  identical. 

‘System’  and  ‘Operator’  Performance  Assessment  Panels 

The  ‘System’  and  ‘Operator’  Performance  Assessment  panels  are  similar  in  function  and 
appearance  but  are  intended  for  different  purposes.  The  purpose  of  the  ‘System’  panel  is  to  react 
automatically  to  updates  in  radar  parameters  and  environmental  data  to  maintain  a  near  real-time 
assessment  of  current  radar  capability.  In  contrast,  the  ‘Operator’  panel  allows  entry  of 
hypothetical  radar  and  threat  data  and  manually  initiated  FfeMTRAK  calculations.  The  resulting 
performance  plot  in  the  ‘Operator’  panel  can  be  compared  directly  to  the  plot  of  current  capability  in 
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the  ‘System’  window. 


The  ‘System’  and  ‘Operator’  Performance  Assessment  panels  have  "Control"  pulldown 
menus  that  allow  manual  initiation  of  FIRMTRAK  mns  from  either  panel.  The  ‘System’  panel's 
"Control"  menu  additionally  allows  the  operator  to  open  ‘Rocketsonde’  or  ‘Floatsonde  Launch’ 
Panels,  or  to  shutdown  or  reset  the  SEAWASP  system. 

Both  ‘System’  and  ‘Operator’  panels  have  "Radar,"  "Target,"  and  "Environment"  modes. 
The  "Radar"  mode  contains  a  Radar  Doctrine  Window  with  a  layout  similar  to  that  of  the  RSC 
console  in  CIC.  There  are  Global  and  Baseline  pages,  and  eight  Sector  and  Subsector  pages.  The 
"Radar"  mode  also  contains  a  Radar  Performance  Window  containing  plots  of  radar  capability 
based  on  FIRMTRAK  results.  These  plots  are  "tied  to"  the  doctrine  window  such  that,  as  an 
operator  pages  through  doctrine,  the  corresponding  region  in  the  Radar  Performance  Window  is 
indicated.  A  PPI  view  is  shown  by  default;  a  range-altitude  plot  for  each  sector  is  available. 

Trial  doctrine  can  be  entered  in  the  ‘Operator’  Panel  by  clicking  the  cursor  on  a  parameter  in 
the  Radar  Doctrine  Window.  This  opens  a  secondary  window  which  presents  options  for  that 
parameter,  selectable  using  radio  buttons  or  sliders.  After  manually  altered  parameters  are  saved, 
they  are  identified  as  "Manual"  instead  of  "AN/SPY- 1 "  in  the  Doctrine  Window.  Modified 
parameters  can  be  reset  to  the  values  active  in  the  cmobat  system  individually  or  globally, 
throughout  the  ‘Operator’  Radar  Doctrine  window.  Manual  configuration  of  trial  radar  doctrine  is 
not  allowed  in  the  ‘System’  panel  since  its  radar  performance  plots  are  intended  to  always  represent 
current,  actual  SPY-1  performance. 

The  "Threat"  mode  of  both  Performance  Panels  allows  the  operator  to  select  from  a  library 
of  threats  or  define  his  own  constant  altitude  threat  by  choosing  a  radar  cross  section,  altitude,  and 
speed.  The  "Environment"  mode  of  both  Performance  Panels  presents  a  plot  of  the  RF 
propagation  factor  used  in  the  performance  assessment  of  that  panel. 

Server  Processes  of  the  Radar  Performance  Assessment  Subsystem 

A  substantial  amount  of  software  has  been  developed  to  support  integrating  and  controlling 
SEAWASP's  models,  data  interfaces,  and  displays  for  embedded  operation.  Primary  among  these 
is  the  Model  Server  (MS)  program.  This  program  handles  interprocess  communications  with  the 
Environmental  Data  Processor,  the  HMI,  Task  Server  (TS)  programs,  and  the  two  server 
programs  that  receive  ‘live’  radar  doctrine:  CDCS_Interface  Server  (CDCSIS),  and  CEP_Interface 
Server  (CEPIS).  The  TS  programs  are  responsible  for  starting  and  monitoring  TEMPER  and 
FIRMTR^  in  response  to  requests  by  MS.  There  is  one  TS  process  for  each  processor. 

CDCSIS  is  responsible  for  receiving,  processing,  and  forwarding  to  MS  all  SPY-1  doctrine, 
except  for  SPY-1  Sensitivity  Time  Control  (STC)  Fence  parameters.  These  data  are  not  passed 
from  SPY  to  the  C&D  computer  and,  therefore,  are  not  available  to  the  CDCS  LAN  or 
SEAWASP.  The  Cooperative  Engagement  Capability’s  (CEC)  Cooperative  Engagement 
Processor  (CEP)  does,  however,  have  access  to  STC  Fence  parameters  from  the  SPY  computer 
and  broadcasts  the  data  to  the  CDCS  LAN  for  SEAWASP.  CEPIS  is  responsible  for  receiving  and 
processing  STC  Fence  messages  from  the  CEP  for  MS. 

MS  makes  requests  of  TS  for  model  runs  due  to  three  types  of  events:  1 .  Receipt  of  new 
environmental  data  from  the  Environmental  Subsystem,  2.  receipt  of  new  radar  doctrine  data  from 
either  CDCSIS  or  CEPIS,  and  3.  operator  requests  from  the  HMI.  When  new  environmental  data 
is  received,  MS  determines  which  processors  is  least  busy  and  requests  a  TEMPER  runs  from  the 
corresponding  TS  process.  Upon  TEMPER  ‘s  completion,  TS  starts  FIRMTRAK  based  on  the 
resultant  propagation  factor  table,  using  ‘live’  radar  doctrine  from  CDCSIS  and  CEPIS  and 
selected  target  parameters  from  the  HMI.  Upon  FKMTRAK’s  completion,  MS  passes  results  to 
the  HMI  for  display.  Likewise,  for  new  radar  doctrine  data,  if  CDCSIS  or  CEPIS  indicate  that 
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there  is  a  "significant"  change  in  at  least  one  SPY  parameter,  MS  selects  a  TS  to  start  a 
FIRMTRAK  run  based  on  the  new  radar  parameters  and  the  most  recent  TEMPER  propagation 
results.  Results  are  again  used  to  create  new  performance  plots. 

Operator-initiated  performance  assessment  requests  from  the  HMI  result  in  MS  selecting  a 
TS,  TS  starting  a  FIRMTRAK  run  based  on  either  ‘live’  or  trial  radar  doctrine,  and  the  HMI 
displaying  results  of  the  FIRMTRAK  run. 

Additional  capabilities  being  implemented  into  SEAWASP  provide  for  robust  embedded 
operation.  These  capabilities  include  monitoring  the  health  of  processes,  restarting  failed 
processes,  gracefully  shutting  down  the  system  when  power  is  switched  off  or  is  lost,  and 
displaying  additional  fault  messages  on  the  HMI. 

Field  Test  Experience 

The  following  summarizes  the  test  periods  to  date; 


September  1993 

Puerto  Rico  &  Mid- Atlantic  Coast 

CG71 

13  Days 

April  1994 

Mid- Atlantic  Coast 

CG68 

10  Days 

June  1994 

Puerto  Rico 

CG  68 

9  Days 

October  1994 

Kauai,  HI 

CG73 

19  Days 

Febmary  1995 

Arabian  Gulf  &  Gulf  of  Oman 

CG  70 

14  Days 

Current 

Mid- Atlantic  Coast 

CG  68&71 

Ongoing 

The  first  three  periods  focused  on  automated  environmental  characterization.  The  tested  system 
automatically  collected  and  processed  environmental  data  and  computed  propagation  factors  for 
SPY-1  radar  parameters.  Testing  the  Radar  Performance  Assessment  Subsystem  began  during  the 
October  1994  period.  The  latest  SEAWASP  version,  presently  installed  on  CG  68  and  CG  71, 
will  remain  on  board  these  cmisers  until  at  least  Fall  1997. 

Figure  5  presents  raw  rocketsonde  and  processed  composite  refractivity  profiles  form  19 
October  1994;  these  data  were  collected  and  processed  aboard  CG  73  while  on  the  Pacific  Missile 
Range  Facility  (PMRF),  Kauai,  Hawaii.  The  smoothing/filtering  performed  by  the  Environmental 
Data  Processor  is  clearly  evident.  This  processor  also  merged  a  22-meter  evaporation  duct  profile 
with  the  smoothed  rocketsonde  profile.  As  it  happens,  however,  the  atmosphere  was  marginally 
stable  and  the  rocketsonde  profile  partially  captured  the  evaporation  duct  profile  shape.  For  this 
reason,  the  merging  process  is  not  obvious  in  Figure  5.  Figure  6  focuses  on  the  first  200  feet  of 
the  profile,  and  the  impact  of  the  merger  is  more  visible.  For  this  case,  the  algorithm  discards  the 
lowest  three  points  of  the  rocketsonde  data,  then  gradually  transitions  from  the  modeled 
evaporation  duct  profile  to  the  rocketsonde  profile.  This  transition  occurs  between  the  duct  height 
(22  ft)  and  twice  the  duct  height  (44  ft).  Note  that  the  nominal  lO-to-12  foot  resolution  of  the 
rocketsonde  only  permits  2  or  3  samples  in  an  evaporation  duct  of  this  size.  However,  the  good 
agreement  between  the  modeled  and  measured  profiles  for  the  evaporation  duct  is  encomaging. 

For  this  particular  condition,  the  small  features  in  the  rocketsonde  profile,  such  as  the  small 
elevated  layer  at  approximately  80  feet,  significantly  impacted  the  AN/SPY- 1  firm  track  range 
predictions.  Our  experience  has  been  that  this  is  generally  the  case  in  all  areas  where  we  routinely 
conduct  tests,  with  the  exception  of  Puerto  Rico,  where  Imowledge  of  the  evaporation  duct  alone 
often  provides  a  good  performance  estimate. 

Another  type  of  verification  test  of  the  shipboard  sensors  was  performed  in  June  1994 
on  the  Atlantic  Fleet  Weapon  Test  Facility  (AFWTF)  near  Puerto  Rico.  During  this  time, 
SEAWASP  was  on  CG  68  and  JHU/APL  also  had  a  fully  instmmented  civilian  boat  as  close  to 
the  AEGIS  cruiser  as  safety  would  permit.  The  instmment  environment  on  board  the  civilian 
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boat  was  more  advantageous  than  that  of  CG  68,  and  the  civilian  boat  also  had  additional 
sensors  at  various  heights.  Throughout  the  tests,  the  evaporation  duct  estimates  from  the  two 
systems  agreed  to  within  1  meter  of  each  other.  This  a^eement  suggested  that,  at  least  for  the 
environments  and  ship  behavior  experienced  during  this  period,  the  SEAWASP  sensors  were 
avoiding  contamination  from  the  ship  environment. 

The  true  tests  of  SEAWASP's  effectiveness  from  the  end-user’s  point-of-view  occur  when 
well-characterized,  controlled,  low-altitude  targets  are  presented  to  SEAWASP-equipped  ship. 
During  the  test  events  listed  above,  four  low-altitude  drone  events  and  eight  controlled  manned 
aircraft  events  took  place.  In  each  case,  SEAWASP  firm  track  range  estimates  agreed  with  the 
observed  performance  with  an  error  of  less  than  10%.  These  events  included  instances  when  the 
firm  track  range  was  doubled  due  to  ducting.  The  authors  recognize  that  these  events  still  represent 
a  statistically  small  sample,  but  every  effort  will  be  made  to  take  advantage  of  future  controlled 
target  opportunities. 

Finally,  throughout  the  various  shipboard  tests,  feedback  has  been  solicited  from  the  SPY- 
1  operators  and  other  ship's  personnel  regarding  the  user-friendliness  of  SEAWASP  and  the 
various  HMI  features.  The  SEAWASP  system  was  also  presented  to  the  AEGIS  Training  Center 
(ATC)  at  the  Naval  Surface  Warfare  Center/Dahlgren  Division  (NSWCDD).  These  exposures  to 
the  Navy's  operational  and  training  communities  produced  both  strong  support  for  the  SEAWASP 
approach  and  excellent  suggestions  for  improvements.  When  feasible,  the  suggestions  have  been 
incorporated  in  subsequent  versions  of  SEAWASP.  As  previously  mentioned,  the  current  version 
is  aboard  CG  68  and  CG  71,  and  it  will  deploy  for  the  first  time  with  these  ships  without 
engineering  support.  This  deployment  will  test  the  robustness  of  the  environmental 
instrumentation  and  computer  hardware,  the  reliability  of  autonomous  software,  and  long-term 
ease  of  use  by  ship  operators. 

Fumre  Work 

The  following  is  a  partial  list  areas  where  SEAWASP  and  other  shipboard  assessment 
systems  would  need  development  to  support  a  variety  of  extended  performance  assessment 
capabilities  including  area  defense  and  littoral  operation: 

1 .  Incorporation  of  high-fidelity  land  and  sea  clutter  models  -  This  will  also  require  some  clutter 
model  development  and  validation.  Integration  of  mdimentary  sea  clutter  models  and  land 
blockage  algorithms  into  SEAWASP  are  planned  for  late  1997. 

2.  Implementation  of  interfaces  to  the  Naval  Integrated  Tactical  Environmental  System  (NTTES) 
via  the  Joint  Maritime  Combat  Information  System  (JMCIS)  -  The  purpose  is  for  SEAWASP  to 
have  access  to,  and  to  contribute  to,  environmental  data  being  distributed  through  the  fleet,  and 
NTTES/JMCIS  is  the  Naval  Oceanographer's  method  for  doing  so.  This  work  will  be  cornpleted 
for  SEAWASP  in  the  next  l-to-2  years. 

3.  Assimilation  of  data  from  other  sources  (particularly  data  that  may  be  available  from 
NTTES/JMCIS)  -  This  problem  is  particularly  challenging  due  to  the  variety  of  potential  data 
sources  which  use  different  environmental  quantities,  and  have  different  levels  of  accuracy, 
timeliness,  and  resolution.  The  Naval  Research  Laboratory  in  Monterey  is  presently  working  in 
this  area.  A  simpler  sub-problem  is  to  accommodate  range-  and  azimuth-varying  environmental 
information  of  the  same  type.  Such  algorithms  would  be  employed,  for  example,  if  SEAWASP 
data  were  passed  to  other  SEAWASP-equipped  ships  via  the  Cooperative  Engagement  Capability 
Data  Distribution  System  (CEC  DDS). 

4.  Automation  of  AN/SPY- 1  doctrine  recommendations  -  The  current  version  of  SEAWASP 
requires  the  operator  to  employ  trial-and-error  in  determining  the  best  radar  settings  (using  the 
Operator  Performance  Assessment  Panel).  This  feature  performs  an  intelligent  search  over  the 
appropriate  radar  parameters  and  develops  a  recommended  radar  setup.  An  initial  capability  is 
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planned  for  1997  with  follow-ons  over  the  next  2  years. 

5.  Development  and  integration  of  new  remote  sensing  and  environmental  modeling  approaches  - 
A  particularly  important  goal  of  such  advances  is  to  reduce,  or  eliminate,  the  requirement  for 
expendables;  for  SEAWASP  these  include  rocketsondes  and  floatsondes.  The  Navy,  other  US 
services,  and  the  civilian  remote  sensing  community  are  working  in  this  area,  but  significant 
progress  is  likely  to  be  long-term.  However,  approaches  using  lidars  for  atmospheric  profiling 
hold  considerable  promise. 
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Figure  2.  Radar  Performance  Assessment  Subsystem  Software  Architecture 
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Figure  3.  SEAWASP  X-Station  Near 
SPY  RSC  Console  in  CIC  of 
CG68 
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Figure  4.  SEAWASP  Human-Machine 
Interface  Display. 
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igure  5:  Raw  rocketsonde  and  composite  refractivity  profiles  from  CG  73,19  October  1994 
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Figure  6:  Expanded  view  of  refractivity  profile  from  CG  73, 19  October  1994 
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A  conq)ani(»i  paper  (Reference  1)  contains  an  overall  description  of  the  SEAWASP  (Shipboard 
Environmental  Assessmait/WeApon  System  Performance)  system.  The  initial  goal  of  the  system  is  to 
characterize,  in  real  time,  the  effect  of  the  environment  on  AN/SPY-1  radar  performance.  The  system 
consists  of  two  primary  parts,  a  radar  performance  component  and  an  environmental  characterization 
component.  The  purpose  of  this  paper  is  to  describe  the  aivironmental  characterization  component. 

Overall  System  Description 

The  major  purpose  of  the  environmaital  measurement  system  is  to  produce  a  profile  of  modified 
reflectivity  from  the  surface  to  a  350  m  attitude  and  automatically  ouQjut  this  profile  to  the  radar 
performance  assessment  portion  of  SEAWASP.  To  produce  these  refractivity  profiles,  the  environmental 
portion  of  the  S5^em  must  make  detailed  measurements  of  meteorological  parameters.  Although  the 
system  was  designed  for  the  purpose  of  generating  refractive  index  profiles,  it  has  proven  to  be  a  general 
purpose  tool  for  gathering  detailed  meteorological  measurements  aboard  ships. 

In  order  to  accurately  describe  the  profile  of  modified  refractivity  from  the  surfece  to  a  350  m 
altitude,  two  differ^  techmques  are  required.  The  lower  regi<m  extending  from  the  surface  to  an  altitude 
of  some  tors  of  meters,  frequently  ccaitains  an  evaporation  duct  and  must,  in  general,  be  modelled  utilizing 
time-averaged  bulk  meteorlogical  measuremoits,  (Reference  2).  The  upper  regirai,  extending  from  the  tcp 
of  the  evaporation  duct  region  to  350  m  must,  in  general,  be  measured  (Reference  3).  The  two  separate 
profiles  must  then  be  merged  with  great  care  to  avoid  generating  false  artifects  that  would  cause  unrealistic 
radar  propagation  calculations. 

hi  the  case  of  the  SEAW ASP  system  mounted  on  AEGIS  class  cruisers,  the  bulk  measurements  are 
made  with  fixed  s^sors  mounted  on  the  ship  at  a  height  of  9  m  to  measure  atmospheric  pressure, 
temperature,  relative  humidity,  relative  wind  speed  and  direction,  and  infrared  surface  temperature.  In 
addition,  accurate  measurements  of  air  temperature  and  relative  humidity  at  a  height  of  2  cm  and  surfece 
water  temperature  at  a  depth  of  1cm  are  made  with  a  diposable  telemetering  float  periodically  thrown 
overboard  (Reference  4).  The  upper  region  is  directly  measured  with  a  rock^onde.  The  rocketsonde  is 
periodically  fired  from  the  shp,  ascends  to  an  altitude  of  rou^ly  800  m  and  telemeters  temperature, 
relative  humidity  and  pressure  back  to  the  ship  as  it  descends  to  the  surfece.  Figure  I  shows  an  overall 
block  diagram  of  the  environmental  measurement  system. 

Soisor  Location  Considerations 


Airflow  over  the  ship  can  cause  serious  contamination  of  the  meteorological  measurements.  In 
addition,  the  location  of  the  meteorological  s^sors  must  not  have  a  negative  inpact  on  existing  weapons 
systems  or  ship  operations.  Also,  bulk  measurements  used  for  evaporation  duct  modeling  (Reference  2) 
must  be  made  at  a  relatively  low  altitude.  These  constraints  have  limited  the  locations  available  for 
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mounting  SEAWASP  sensors.  In  our  case  the  superstructure  is  too  high.  The  fantail  and  bow  have  guns 
that  do  not  allow  fixed  sensors  to  be  used  on  these  decks.  The  flight  deck  is  not  suitable  because  of  a 
hazzard  during  flight  qperations.  The  optimum  locaticm  for  meteorological  sensors  on  AEGIS  class 
cruisers  is  the  aft  VLS  (Vertical  Launch  System)  deck.  This  deck  has  few  obstructions  that  interfere  with 
airflow  across  the  sensors. 

The  wake  from  the  ships  superstructure,  which  is  dependent  cai  wind  speed,  wind  directicm,  diip 
speed  and  ship  heading,  may  cause  serious  measuremait  contaminiaticai  for  sensors  located  cai  the  aft  VLS 
deck.  It  has  been  found  that  uncontaminated  measurwnents  are  obtained  v^hen  the  relative  wind  speed 
across  the  sensors  is  above  2  knots  and  the  wind  direction  relative  to  the  ships  Icsigitudinal  axis  is  between 
15  and  170  degrees  for  sensors  mounted  on  the  starboard  side  and  190  and  345  degrees  for  sensors 
mounted  on  the  port  side.  For  this  location  dual  sensors  have  beai  found  to  supply  satisfactory  data  for 
75%  of  the  time  cm  average.  A  quick  analysis  shows  that  if  the  ship  were  dead  in  the  water  and  the  wind 
were  blowing  at  a  speed  above  2  knots,  we  would  expect  gcx)d  data  for  86%  of  the  time.  If  the  diip  were 
underway  at  a  speed  of  10  knots  with  a  10  knot  wind  we  would  ejq)ect  good  data  for  77%  of  the  time. 

Detailed  System  Description 

A  detailed  block  diagram  of  the  system  is  shown  in  Figure  2.  The  syston  has  three  fixed  saisor 
locations.  A  saisor  suite  located  on  the  starboard  side  of  the  VLS  deck  is  used  to  measure  air  temperature, 
relative  humidity,  pressure,  relative  wind  speed  and  direction,  ship  ccxnpass  heading  and  ship  position  using 
GPS  (Global  Positioiing  System).  Water  temperature  is  measured  with  a  downward  pointing  pointing  IR 
(infrared)  thermometer.  A  small  handheld  launch  control  terminal  is  ccjnnected  by  a  short  cable  to  the 
starboard  sensor  box  and  serves  to  give  the  c^erator  launching  rocketscmdes  or  floats  necessary  inputs  to 
and  feedback  from  the  computer  controlling  the  telemetry  receiver.  A  second  sensor  suite  located  cm  the 
port  side  of  the  VLS  deck  is  used  to  measure  air  tenqierature,  relative  humidity  and  relative  wind  speed  and 
direction.  The  antenna  used  to  receive  telemetry  signals  from  the  rocketsonde  and  floatscmde  is  also  at  this 
locaticm.  The  third  sensor  locaticm  is  in  the  AN/SPY-1  radar  aft  cxroling  water  piunp  room  where  we 
measure  sea  water  tenqrerature  at  the  inlet  to  the  radar  cmoling  water  supply. 

Analog  signals  in  the  port  sensor  box  are  digitized  and  multiplexed  into  a  single  RS-422  data 
stream.  This  port  signal  is  routed  through  a  junction  box  to  the  starboard  si(te  w4iere  a  microccmtroller 
digitizes  analog  signals  from  sensors  in  that  box,  multiplexes  ftiem  with  the  ou^uts  of  digital  s^sors  and 
the  launch  ccjntrol  terminal.  The  output  of  the  starboard  sensor  box  thus  ccmtains,  in  caie  RS-422  data 
stream,  the  mutiplexed  outputs  of  the  port  and  starboard  boxes  and  launch  control  terminal.  This  data 
stream  is  routed  through  the  juncticm  box  to  an  EBM-conpatible  notebook  conqjuter  vdiich  communicates 
via  an  ethemet  link  to  the  radar  performance  assessmmt  porticm  of  the  SEAWASP  system.  Communication 
from  the  computer  back  to  the  starboard  box  is  also  possible  and  is  used  to  change  configuration  of  the 
starboard  microccmtroller,  and  do  sudh  tasks  as  calibrating  the  compass  and  communicating  wifli  the 
laundh  control  terminal.  The  water  teirq)erature  sensor  in  the  radar  cmoling  rcmm  is  chgitized  and  roxrted 
through  the  juncticm  box  to  the  computer  along  an  RS-485  line.  RS-485  was  chos^  for  this  purpose  since 
it  allows  multiple  low  data  rate  sensors,  that  may  be  located  some  distance  from  each  other,  to  be  ccmnected 
in  parallel  along  erne  data  line  and  sq>arately  interrogated  by  the  caitral  computer.  Future  expansion  of  the 
system  will  probably  be  done  using  this  RS-485  line. 

A  power  supply  in  the  juncticm  box  supplies  the  low  current  12Vdc  to  the  saisors  and  ccmtains  a 
preamp  for  the  telemetry  antenna.  The  signals  and  12Vdc  power  are  run  to  all  saisor  locmticms  and  the 
conqjuter  alcmg  a  6  shielded  pair  cable.  This  cable  has  a  bus  structure  so  that  any  signal  is  available  at  any 
Icxmtion.  Photographs  of  the  interior  of  the  port  and  starboard  sensor  boxes  are  presented  in  Figures  3  and 
4,  respectively.  Figure  5  is  a  photograph  of  the  saisors  mounted  cm  the  AEGIS  cruiser  USS  Artzio  (CG- 
68). 
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Two  types  of  disposible  sensors  are  used  in  the  SEAWASP  system.  The  first  of  these  is  the 
floatsonde  (Reference  4).  This  sensor  is  a  small  1.25  inch  diameter  x  12  inch  long  device  which  is  thrown 
overboard  and  telemeters  measurements  of  surface  air  temperature,  relative  hiunidity  and  water 
temperature  back  to  the  ship  for  use  in  evaporaticm  duct  calculations.  A  photc^ph  of  the  sensor  is  shown 
m  Figure  6.  The  second  disposable  sensor,  a  rocketsonde,  is  periodically  launched  from  the  ship  to  an 
altitude  of  800  m  and  telemeters  back  to  the  ship  measurements  of  temperature,  relative  humidity  and 
pressure  as  it  descends  fi-om  apogee  to  the  surface.  Measurements  with  the  2.5  inch  diameter  x  28  inch 
long  cardboard  rocketsonde  are  made  at  1  second  intervals  v^ich  corresponds  to  a  vertical  resolution  of 
2.5  m.  A  photograph  of  the  rocketsonde  components  is  shown  in  Figure  7.  A  photograph  of  the 
rocketsonde  in  its  launcher  with  the  ignition  box  and  handheld  laundi  control  terminal  is  shown  in  Figure  8. 

Software  Features 


The  SEAWASP  data  acquisition  program  is  run  in  a  multitasking  envircmment  on  an  IBM- 
conpatible  notebook  conputer  under  the  OS-2  operating  system.  The  software  is  designed  to  run  at 
system  power  up  with  no  operator  assistance  with  all  applications  running.  Initial  setup  including 
calibration  and  tailoring  the  system  to  individual  ship  configurations  is  menu  driven  with  intervention  of  an 
operator.  Thereafter,  all  operation  can  be  automatic  with  operator  intervaition  only  required  to  fix 
hardware  trouble  reports  displayed  on  the  workstation  or  to  answer  questions  regarding  rocketsonde  and 
floatsonde  launches  displayed  at  the  handheld  launch  control  terminal. 

-Measured  Parameters 

The  conputer  makes  a  determination  in  realtime  if  the  relative  wind  peed  at  the  sensors  is  above  2 
knots  and  the  wind  direction  is  in  the  range  of  15-170  degrees  for  the  starboard  sensors  or  190-345  degrees 
for  the  port  soisors.  If  these  conditions  are  met  for  the  majority  of  a  5  minute  period,  data  is  considered 
valid  and  uncontaminated  by  the  ships  wake.  Air  temperature  and  humidity  from  the  appropriate  sensor 
suite,  sampled  at  a  2  second  rate,  is  averaged  for  a  5  minute  period.  At  times,  however,  the  ships  course 
and  the  true  wind  vector  will  not  be  suitable,  and  no  average  will  be  calculated.  IR  water  temperature, 
conpass  heading,  ship  GPS  course,  ship  position  and  relative  wind  vector  are  also  averaged  for  the  5 
minute  period.  For  the  rocketsonde  case,  air  temperature,  relative  humidity  and  pressure  are  measured  and 
recorded  at  a  1  second  rate  as  the  instrument  package  descends  from  apogee  to  the  surfece.  Air 
temperature,  relative  humidity  and  water  temperature  are  measured  and  recorded  at  1  second  intervals  by 
the  floatsonde.  Time  used  by  the  system  is  GMT  time  synchronized  to  the  GPS  receiver. 

-Calculated  Parameters 

Ship  conpass  heading  is  automatically  corrected  for  local  magnetic  declination  at  the  current  ship 
position  by  the  conputer.  The  conpass  is  also  corrected  for  changing  magnetic  anomolies  caused  by  the 
steel4iulled  ship  based  on  an  algorithm  using  the  GPS  receiver.  The  corrected  compass  data  along  with 
ship  heading  from  the  GPS  receiver  and  average  relative  wind  vector  is  used  to  calculate  the  true  wind 
vector.  The  averaged  ship  data,  by  itself,  or  at  times  in  conjunction  with  surfoce  air  tenperature,  relative 
humidity  and  water  temperature  from  the  floatsonde,  is  used  in  a  calculaticm  of  the  modified  refractivity 
profile  in  the  evaporation  duct.  The  rocketsonde  pressure  data  is  used  to  calculate  altitude,  while 
tenperature,  pressure  and  relative  humidity  data  are  used  with  the  altitude  calculation  to  calculate  the 
profile  of  modified  refractivity  to  an  altitude  of  350  m.  These  two  profiles  are  carefully  pliced  to  produce 
a  single  profile  for  the  radar  performance  assessment  conponent  of  SEAWASP  running  on  HP  7431 
processors. 

-Engineering  Realtime  Display  and  Playback  Capability 

Realtime  and  post  processing  data  analysis  features  have  be^  built  into  the  software  for  research 
and  engineering  puiposes.  All  measured  and  calculated  data  may  be  recorded  on  the  hard  drive  of  the 
notebook  conputer.  Plots  or  tabulations  of  all  data,  including  die  results  of  model  calculations, 
rocketsonde  refractivity  profiles,  and  location  of  all  data  samples  acquired  plotted  on  a  detailed  world  map 
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are  available  in  realtime  or  by  playing  back  data  taken  previously.  Realtime  display  of  all  sensor  outputs  is 
available  in  table  form  or  time  history  plots,  A  compass  rose  with  simultaneous  display  of  corrected 
compass  heading,  ship  course,  relative  wind  directicMi  from  both  starboard  and  port  sensors,  along  with 
results  of  the  most  recent  true  wind  direction  is  available.  All  displays  may  be  viewed  individually  or 
windowed  with  other  displays.  Viewing  of  currait  data  or  analysis  of  previous  data  does  not  interrupt 
realtime  data  acquisition  or  calculaticoi  capability.  Further,  these  data  are  potentially  available  to  the 
SEAWASP  display  in  CIC  (Combat  Infonnation  Center)  if  they  are  found  to  preset  insight  into 
photomena  that  impact  combat  system  performance. 

Evaporati(»i  Duct  Models 

Most  existing  models  tend  to  overestimate  the  height  of  the  evaporation  duct,  on  the  average.  This 
can  be  serious  problem  whai  they  are  used  to  predict  weapon  system  performance.  Overestimation  of  the 
evaporation  duct  hei^t  usually  produces  an  unrealistically  large  detection  range  for  low  altitude  targets. 
Referaice  2  describes  the  model  cm  wdiich  our  work  was  based.  In  general,  evaporation  duct  mcxiels  use 
time  averaged  inputs  of  ten^perature,  hxunidity,  and  wind  speed  at  some  reference  heig)it  near  the  top  of  the 
evaporation  duct  along  with  an  estimation  of  temperature  and  humidity  at  the  surfece  boundary.  Most 
models  use  water  temperature  as  a  measure  of  surface  air  teirperature  and  assume  a  value  of  100%  relative 
hmnidity  for  the  surface  value.  Reference  2  also  does  not  account  for  the  effect  of  humidity  on  air  density 
although  this  is  often  not  a  large  effect.  All  mcxiels  should  use  virtual  tenperature  in  their  calculations. 
Virtual  temperature  is  defined  as  the  temperature  that  a  parcel  dry  air  wcmld  need  to  have  to  be  of  the  same 
density  as  a  parcel  of  moist  air  at  the  same  pressure.  At  times  most  mcxiels  exhibit  a  large  smsitivity  to 
input  measurements  and  and  their  calculations  traid  to  become  rmstable  vdiai  the  atmosphere  is  stable  ie 
when  the  surfece  virtual  teirperature  is  ccx)ler  than  the  virtual  temperature  at  the  referoice  height  especially 
in  the  presoic^  of  low  winds.  Most  of  the  time  the  air  over  the  ocean  surfece  is  slightly  unstable.  When  the 
atmosphere  is  unstable  large  variability  in  the  measurements  is  observed.  No  technique  is  available  for 
making  a  direct  measuratnent  of  the  refracrtivity  profile  in  the  evaporation  duct  regicm  under  these 
conditicjns.  When  the  atmosphere  is  stable,  however,  the  atmosphere  tends  to  be  non-turbuleot  and  a  direct 
measure  with  high  resoluticjn  instruments  sucii  as  the  rcx:ketsc»ide  is  possible.  This  characteristic  is 
fortunate,  for  when  the  mcxiels  break  down  under  stable  ccjnciitions,  direct  measurements  work  best. 
Unfortunately,  it  is  easy  to  make  ccmtinuous  calculaticxis  of  the  evaporation  duct  with  fixed  saisors  in 
unstable  ccmditicMis,  but  in  stable  ccxiditions  the  evaporaticm  duct  must  be  directly  measured  with 
(hsposable  srasors  and  ccmtinuous  measurements  are  inpossible. 

Two  evaporaticsi  duct  mcxiels  are  currently  being  used  for  calculaticxi  of  the  mcxhfied  refiactivity 
profile  in  the  evaporation  duct.  Both  mcxiels  are  based  cm  work  described  in  Referaice  2  with  the 
incorporation  of  several  mcxlifications.  Both  models  use  virtual  tenperature  in  all  calculations.  The  first 
mcxlel  assumes  that  the  atmosphere  is  neutrally  stable  with  a  ccmstant  virtual  tenperature  profile  within  the 
evaporation  duct.  A  controversial  empirical  method  is  used  in  this  model  to  calculate  fee  surfece  humidity 
from  fee  humidity  measured  at  fee  reference  height  so  feat  cmly  inputs  of  temperature  and  relative  humidity 
at  fee  referaice  height  are  required  to  model  fee  evaporation  duct.  Since  fee  mcxlel  cxily  works  in  neutral  or 
slightly  unstable  ccjnditions,  a  rough  measurement  of  water  temperature  is  required  to  insure  that  region  is 
not  very  stable;  ie  water  tenperature  is  not  much  ccxjler  than  temperature  at  fee  referaice  height.  TTiis 
mcxlel  is  very  robust  and  not  subject  to  calculaticm  instability  or  overestimaticsi  of  fee  duct  height.  It  does, 
however,  tend  to  underestimate  duct  height  and  can  be  thought  of  as  supporting  conservative  radar 
performance  assessmaits.  This  model  can  run  continuously  wife  only  fixed  sensor  inputs.  The  second 
mcxlel  uses  true  wind^eed,  temperature,  and  relative  humidity  measured  at  fee  referaice  height  wife  fixed 
saisors,  as  well  as  surfece  air  temperature  and  relative  humidity  measured  at  fee  surfece  wife  fee 
chsposable  floatscxide.  While  this  approach  is  controversial,  it  has  beai  found  to  better  characterize  fee 
evaporation  duct.  Unfortunately  continuous  measuranents  at  fee  surfece  are  impossible  since  they  require 
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expendable  sensors.  Use  of  the  floatsonde  does,  however,  provide  a  non  controversial  sanity  check  on  the 
presence  of  an  evaporation  duct.  If  the  measured  refractivity  at  the  surface  is  less  than  the  refractivity  at 
the  reference  height,  subrefractive  conditions  exist  regardless  of  model  calculations.  Present  operation  of 
the  SEAWASP  system  automatically  picks  the  best  model  based  on  the  availability  of  timely  data. 

Practical  Considerations 


The  shipboard  environment  is  particularly  hard  on  meteorological  sensors.  A  number  of 
engineering  problems  have  been  overcome  in  order  to  meet  the  system  design  lifetime  of  1  year  without 
operator-assisted  calibration  or  routine  maintenance  other  than  a  weekly  fresh  water  washdown.  A  few  of 
the  problems  encountered  and  their  solutions  are  described:  1.  Corrosion  is  a  serious  problem.  All 
SEAWASP  topside  components  are  made  of  plastic,  fiberglass,  titanium  or  in  a  few  areas,  stainless  steel. 
No  surfaces  are  painted.  2.  High  RF  power  densities  are  often  present.  All  topside  electronic  components 
are  RF  shielded  and  analog  sensors  are  digitized  at  the  sensor  to  avoid  noise  pickup.  3.  Shipboard  cable 
runs  are  often  con:q)licated  so  sensor  signals  are  multiplexed  where  possible.  4.  IR  sensor  aperatures  must 
be  protected  from  salt  spray.  We  use  a  thin  polyethelene  window  material  for  our  8-14  micron  sensors 
commonly  available  as  Glad  Cling  Wrap .  ITiis  is  treated  with  Rain-X  to  shed  water  droplets  that  would 
otherwise  contaminate  the  s^sor  readings.  5.  R.  M.  Young  Coip.  manufrctures  the  most  widely  used 
radiation  shield  that  is  required  to  reduce  terr^ierature  and  humidity  sensor  heating  from  direct  sunlight 
This  shield  has  an  unnecessarily  restricted  airflow  that  causes  errors  at  low  winds.  This  unit  must  have 
spacers  installed  between  shield  plates.  6.  In  damp  situations  (common  aboard  ship)  the  aforementioned 
shield  becomes  wet  and  causes  the  humidity  sensor  to  overestimate  relative  humidity.  The  shield  plates  are 
sprayed  with  a  hydrophobic  coating  to  eliminate  this  problem.  We  use  a  material  made  by  the  Vellox  Corp. 
for  this  purpose.  7.  Magnetic  anomohes  associated  with  steel  hulled  ships  change  with  time.  Automatic 
correction  of  the  coir^ass  calibraticm  is  periodically  done  in  file  SEAWASP  system  using  selected  data 
from  the  GPS  receiver.  8.  One  ofthe  most  important  characteristics  of  any  commercial 
tenqierature/humidity  sensor  is  the  manufacturer  supplied  filter  which  protects  the  delicate  sensor  elements 
from  the  environment  and  mechanical  damage  but  lets  air  and  water  vapor  pass  freely  through  it.  Rotronic 
Instrument  Corp.  has  the  best  sensor/filter  combination  and  the  only  unit  that  can  maintain  a  +/-  2% 
cahbration  over  a  1  year  period  in  our  apphcation.  9.  Electronics  generally  used  to  measure  humidity  are 
very  susc^ible  to  hi^  hiunidities  and  are  of  a  nature  that  is  difficult  to  enc^sulate.  We  have  decided  to 
place  a  dessicant  within  all  electronics  boxes  topside.  The  humidity  within  these  boxes  is  monitored  with  a 
dedicated  humidity  saisor  and  an  alert  message  requesting  that  an  operator  rqilace  the  dessicant  is 
displayed  on  the  SEAWASP  monitor  in  CIC. 
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Figure  1 :  SEAWASP  environmental  system  overview  blodc  du^mn  (USS  Aimo  CG-68) 
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Figure  2:  SEAWASP  environmental  system  detailed  block  diagram  (USS  Anzio  CG-68) 
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Figure  6;  Floatsonde 
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1.  ABSTRACT 

Low  altitude  microwave  propagation  is  a  dominant  factor  in 
the  detection  and  tracking  of  low  flying  cruise  missiles  by 
shipboard  naval  radars.  Significant  temporal  and  spatii 
fluctuations  in  microwave  propagation  loss  have  been  observed  in 
the  lower  ten  meters  above  the  sea  surface.  In  order  to  better 
understand  these  fluctuations  and  to  support  the  design  and  test  of 
future  naval  radars,  two  systems  were  developed  which  allowed 
the  direct  measurement  of  microwave  propagation  loss.  One 
system  measured  propagation  pathloss  versus  range  at  a  single 
frequency  either  at  Ku  or  X  band,  while  the  other  system  measured 
propagation  pathloss  versus  time  at  a  fixed  range  for  frequencies 
in  the  2-18  GHz  band.  The  receivers  were  located  at  fixed  heights 
commensurate  with  shipboard  radar  heights  and  the  transmitters 
simulated  low  flying  target  heights  of  3  to  39  feet. 

A  selected  set  of  the  data  collected  both  on  the  Potomac 
River  near  the  Naval  Surface  Warfare  Center  in  Dahlgren,  VA  and 
at  the  NSWC  Detachment  in  Wallops  Island,  VA  is  shown  to 
illustrate  some  of  the  unique  insight  gained  through  these 
measurements.  The  information  obtained  from  the  collected  data 
has  been  and  continues  to  be  used  in  sensor  design  and 
specification,  and  can  be  directly  applied  to  the  acquisition  of 
sensors.  Installation  of  a  2-18  GHz  measurement  system  on  a  boat 
further  enables  a  study  of  propagation  effects  versus  range  over  a 
wide  frequency  band  at  a  high  temporal  update  rate.  The 
measurement  capability  and  the  resulting  database  can  serve  the 
Navy  with  great  value  in  areas  such  as  supporting  Combat  Ship 
System  Qualification  Trials  (CSSQT),  land  based  testing  of 
developmental  sensor  systems,  radar  design  and  development,  and 
operational  testing. 


2.  INTRODUCTION 

Microwave  propagation  at  low  altitudes  is 
strongly  affected  by  the  structure  of  the  refractive 
index  of  the  lower  atmosphere.  Microwave 
propagation  in  this  region,  especially  down  at  10 
meters  above  the  sea  surface,  has  long  been  known  to 
vary  with  altitude,  range,  time  and  frequency.  Under 
subrefractive  conditions,  the  radar  horizon  may  be 
significantly  reduced.  Under  enhanced  propagation 
conditions  (ducting),  deep  nulls  have  been  both 
predicted  and  observed  with  widths  less  than  3  feet  in 
altitude,  and  having  varying,  and  inadequately 
defined,  temporal  and  spatial  characteristics.  A 
number  of  threats  have  been  designed  to  take 
advantage  of  this  low  altitude  region.  Testing  of 


developmental  sensor  systems  in  this  complicated  low 
altitude  propagation  region  is  confronted  by  the 
difficulty  of  achieving  enough  test  runs  over  broad 
environmental  conditions  to  adequately  quantify 
system  performance.  The  performance  of  the  radar 
can  vary  significantly  on  a  given  day.  These 
propagation  induced  variations  often  overshadow 
other  important  parameters  such  as  target  radar  cross 
section. 

The  parabolic  equation-based  microwave 
propagation  models  using  the  refractive  index  profiles 
as  input  are  relatively  accurate  when  adequate 
profiles  are  available  along  the  propagation  path. 
However,  adequate  sampling  of  these  refractive 
profiles  can  be  difficult  to  obtain.  Thus,  to  accurately 
assess  the  performance  of  a  sensor  system,  it  is 
necessary  to  make  a  direct  microwave  propagation 
measurement.  In  order  to  provide  key  input  to  future 
sensor  requirements  and  design,  and  to  support 
performance  testing  and  evaluation  of  existing 
systems,  two  direct  microwave  measurement  systems 
were  developed.  One  system  operated  at  a  single 
frequency  in  Ku  or  X  band,  and  the  other  system 
covered  2  to  18  GHz  frequency  range  at  a  high 
temporal  update  rate.  Analysis  performed  during  the 
NATO  AAW  program  indicated  that  unique 
propagation  effects  such  as  the  horizontal  fade  were 
most  evident  in  the  X  to  Ku  frequency  bands  (Ref.  1). 
Therefore,  the  initial  single  frequency  measurements 
were  made  at  Ku  band  to  enhance  the  likelihood  that 
these  propagation  effects  would  be  detected.  The 
single  frequency  measurements  focused  on  X  band  in 
the  summer  of  1995  in  support  of  joint  testing  with 
the  Naval  Research  Laboratory’s  Naval  Engagement 
Radar. 

This  work  was  sponsored  internally  at  the  Naval 
Surface  Warfare  Center  Dahlgren  Division 
(NSWCDD). 


3.  MEASUREMENT  SYSTEMS 
3.1  Single  Frequency  System  (SFS) 
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The  single  frequency  system  consisted  of  a 
transmitter  receiver  pair,  which  operated  at  13.95 
GHz.  It  was  designed  to  probe  propagation  profiles 
versus  range.  A  single  receiver  was  mounted  on  a 
tower  to  simulate  various  test  radar  heights.  A  single 
transmitter  emitting  0.1  watt  of  continuous  wave 
microwave  signal  was  placed  on  a  moving  shuttle  on 
a  tower  that  was  mounted  on  the  stem  of  the  boat,  Sea 
Lion.  The  transmitter  was  moved  up  and  down  the 
tower  by  a  computer  controlled  motor,  covering 
target  heights  from  3  to  33  ft.  The  receiver  measured 
the  received  signal  level  and  calculated  the  one  way 
propagation  loss  using  the  calibrated  transmitter 
output  power  level.  During  the  measurement,  the 
boat  was  brought  into  position  with  a  stem  aspect  at 
approximately  six  nautical  miles  from  the  receiver. 
Then  the  boat  made  an  outbound  run  from  the 
receiver  on  a  given  radial  covering  a  typical  range  of 
6  to  20  nautical  miles  in  approximately  40  minutes. 
Global  Positioning  System  (GPS)  data  and  compass 
data  showing  the  coordinate  and  the  heading  of  the 
boat  were  also  recorded. 

3.2  Microwave  Propagation  Measurement  System 
(MPMS)  -  Wideband 

The  Microwave  Propagation  Measurement 
System  (MPMS)  covered  the  2  to  18  GHz  frequency 
band  in  16  discrete  frequency  steps  during  an  8 
second  cycle.  The  system  consisted  of  ten 
transmitters  mounted  on  a  30-foot  tower  with  3  feet 
of  spacing  between  each  and  four  receivers  mounted 
on  a  100-foot  tower.  This  configuration  gave  40 
simultaneous  propagation  paths.  These  ten 
transmitters  simulated  target  heights,  and  the  four 
receivers  at  various  heights  simulated  test  radar 
heights.  The  original  measurements  were  made  with 
the  ten  transmitters  mounted  on  shore  16  nautical 
miles  from  the  four  receivers  which  were  mounted  on 
an  opposing  shoreline. 

The  output  signals  from  the  transmitters  were 
separated  by  predetermined  audio-frequency  offsets 
from  a  common  carrier  frequency.  Each  receiver 
channel  performed  Fast  Fourier  Transforms  (FFT)  on 
incoming  sampled  data  allowing  discrimination 
between  the  individual  transmitters  and  transmitter 
heights  using  the  position  of  each  received  signal  in 
the  output  frequency  spectrum.  A  computer 
controlled  telemetry  link  between  the  transmit  and 
receive  terminals  allowed  automated  data  collection 
around-the-clock  unattended. 

3.3  Meteorological  and  Environment  Data 

Meteorological  data,  such  as  temperature, 
relative  humidity  and  pressure,  were  needed  to 
calculate  refractive  profiles  used  as  input  to  the 


microwave  propagation  models  for  comparison  with 
the  directly  measured  RF  propagation  factor.  These 
data  were  collected  using  an  array  of  ten 
meteorological  sensors  mounted  on  the  100-ft  tower 
where  the  microwave  propagation  receivers  were  also 
mounted.  Nine  sensors  were  mounted  at  fixed  heights 
and  one  was  mounted  on  a  moving  shuttle  that 
traveled  between  fixed  sensors  acting  as  an  offset  and 
calibration  measurement.  Johns  Hopkins 
University/Applied  Physics  Laboratory  (JHU/APL) 
also  participated  in  the  tests,  collecting 
meteorological  data  using  several  sensor  systems 
mounted  on  their  research  boat,  Chessie,  and 
meteorological  sensors  mounted  on  a  helicopter. 
Although  the  refractive  profiles  collected  by  the 
helicopter  were  considered  the  best  source  of 
meteorological  data  to  be  used  with  the  microwave 
propagation  models,  the  times  and  radials  were  often 
inconsistent  with  the  microwave  propagation 
measurement  data.  The  primary  reason  for  this 
problem  was  that  the  collection  of  the  helicopter 
refractive  profiles  was  often  coordinated  with  air 
targets  and  other  sensor  radials  with  higher  priorities 
during  the  tests. 

A  van  near  the  receiver  test  site  collected  local 
meteorological  data  as  well  as  serving  as  base 
collection  site  for  several  remote  sensors  that 
included  a  waverider  buoy  and  tide  gauge.  Along 
with  temperature  and  relative  humidity,  wind  speed 
and  direction,  pressure,  and  rain  rate  were  also 
collected. 


4.  TEST  LOCATIONS  AND  TIME  PERIODS 

The  microwave  propagation  data  was  collected 
during  two  different  test  periods  and  locations.  First, 
as  a  part  of  the  Multi-Sensor  Integration  Tests,  data 
was  collected  on  the  Potomac  River  near  Dahlgren, 
Virginia  during  June  through  August  of  1993.  During 
this  test  period,  only  the  SFS  was  available.  The 
MPMS  was  delivered  to  NSWCDD  in  September  of 
the  same  year.  The  SFS  along  with  the  MPMS  were 
moved  to  Wallops  Island,  Virginia  in  December. 
The  MPMS  propagation  data  was  collected  along  a 
16  nautical  mile  coastal  path  during  January  through 
April  of  1994.  The  data  collection  paths  for  SFS 
varied  depending  on  the  day  and  the  condition  of  the 
test.  In  all  cases,  one-way  propagation  profiles  were 
measured.  The  X  band  SFS  measurements  made 
during  the  summer  of  1995  are  not  included  in  this 
report. 

5.  MEASUREMENTS 
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5J  Single  Frequency  System  (SFS) 

5.1.1  Horizontal  Fade 

A  phenomenon  called  ''horizontal  fade''  has 
been  both  predicted  and  measured  experimentally 
(Ref.  1).  From  the  data  collected  at  the  NSWCDD 
Potomac  River  test  location,  this  effect  is  clearly 
shown.  Figure  1  illustrates  the  data  in  a  coverage 
diagram  format  with  propagation  factor  relative  to 
freespace  shown  using  a  gray  scale.  The  horizontal 
axis  shows  the  range  as  determined  by  GPS,  and  the 
vertical  axis  represents  the  height  of  the  target. 

The  propagation  profile  plot  of  Figure  1  shows  a 
fade  region  where  the  propagation  factor  is  20  to  25 
dB  below  freespace  which  persists  at  a  constant 
altitude  versus  range.  Just  above  and  below  this 
horizontal  fade,  there  is  an  enhancement  in 
propagation  of  5dB  better  than  freespace.  So  for  a 
target  crossing  these  regions,  a  two-way  system 
sensor  would  experience  50  to  60  dB  of  signal 
fluctuation  from  propagation  alone.  The 
enhancement  of  propagation  just  above  the  surface 
will  increase  the  surface  clutter,  further  reducing  the 
ability  to  detect  and  track  the  target. 

The  lower  subplot  in  Figure  1  shows  propagation 
model  output  for  a  92  ft  duct  which  was  consistent 
over  the  range  covered.  The  Personal  Computer 
Parabolic  Equation  Model  (PCPEM)  (Ref.  2)  was 
used  for  all  modeled  data  in  this  report.  The 
refractive  profile  used  to  model  this  duct  is  shown  in 
Figure  2.  The  modeled  data  also  indicates  the 
horizontal  fade  at  the  same  approximate  location  and 
shows  relatively  good  agreement  with  the  measured 
data.  The  horizontal  fade  was  observed  on  several 
occasions. 

5.1.2  Multi*-Modal  Propagation 

Evidence  of  a  surface-based  duct  is  depicted  by 
the  data  shown  in  Figure  3.  This  data  was  collected 
at  the  Wallops  Island  test  location.  In  the  upper 
subplot  of  Figure  3,  a  definite  change  in  the 
propagation  structure  at  approximately  15  nmi  can  be 
seen.  Smooth  transitions  between  different 
propagation  factors  in  the  nearer  ranges  show  a 
standard  atmosphere  or  low  evaporation  duct 
characteristic.  The  multi-modal  interference 

characteristics  are  evident  beyond  15  nmi.  The  lower 
subplot  in  Figure  3  shows  the  model  output  for  the 
refractive  profiles  collected  by  the  helicopter.  The 
time  and  radial  coincidence  of  the  refractive  profile 
data  and  the  measured  propagation  factor  data  was 
quite  good.  Although  the  nature  of  the  propagation 
characteristic  agrees,  the  range  of  the  transition  is 
approximately  18  nmi  versus  the  15  nmi  in  the  upper 


subplot.  The  model  output  also  indicates  larger 
propagation  factors  overall  and  shows  the  bending 
downward  of  the  destructive  interference  region  at 
closer  range  and  lower  height  than  the  measured 
propagation  data.  The  reason  for  this  discrepancy  is 
not  known,  but  it  does  point  out  that  even  with  good 
temporal  and  spatial  correlation  between 
meteorological  data  collection  and  microwave 
measurements,  there  can  be  significant  differences  in 
the  propagation  factors  generated  from  each. 

Figure  4  shows  the  refractive  profiles  that  were 
used  as  input  to  the  propagation  model  which 
generated  the  data  shown  in  the  lower  subplot  of 
Figure  3.  These  refractive  profiles  were  preprocessed 
using  a  program  called  LARRI  (Large-Scale 
Atmospheric  Refractivity  Range  Interpolator)  which 
smoothes  and  prepares  measured  meteorological  data 
for  use  by  propagation  models.  LARRI  was 
developed  by  the  Johns-Hopkins  University  Applied 
Physics  Laboratory  for  use  with  their  helicopter- 
based  meteorological  measurements  (Ref.  3). 

5.1.3  Subrefraction 

On  several  occasions  the  SFS  data  collected  at 
the  Wallops  Island  location  indicated  a  subrefractive 
environment.  One  example  of  a  subrefractive  case  is 
shown  in  Figure  5.  The  black  regions  in  the  upper 
subplot  represent  data  points  that  were  discarded 
when  the  boat  was  unable  to  maintain  proper 
alignment  with  the  receiver.  If  more  than  1  dB  of 
antenna  gain  loss  could  have  been  incurred,  the  data 
was  not  used  in  the  resulting  plot.  Since  the  boat’s 
heading  was  recorded  using  a  digital  compass,  and 
the  bearing  was  available  from  GPS,  a  filter  could  be 
used  to  reject  these  measurements.  The  modeled  and 
measured  data  match  reasonably  well  in  this  case. 
The  refractive  profile  used  in  the  model  is  shown  in 
Figure  6.  The  refractive  data  was  collected  as  a 
function  of  range  on  nearly  the  same  radial  the  boat 
traveled  and  at  nearly  the  same  time. 

5.1.4  Data  Summary 

Considering  only  the  13.95  GHz  SFS  data  (no 
examples  of  the  9.5  GHz  data  are  shown  in  this 
report),  the  horizontal  fade  was  measured  on  two 
days  at  NSWCDD  Potomac  River  and  perhaps  once 
to  a  lesser  degree  at  Wallops  Island.  Three  other 
days  at  NSWCDD  Potomac  River  also  showed  some 
evidence  of  the  horizontal  fade.  Several  other 
characteristics  of  multimode  propagation  were  also 
sensed  by  the  system  during  periods  of  ducting  that 
were  dominated  by  surfaced-based  ducts  rather  than 
the  evaporation  duct.  During  these  periods,  a  high 
degree  of  variability  in  the  propagation  factor  versus 
range  and  altitude  (and  most  likely  also  time)  was 
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sensed  by  the  system.  Seventeen  test  days  were 
covered  at  two  locations  during  two  seasons  of  the 
year  (6  at  NSWCDD  and  11  at  Wallops  Island). 
Some  degree  of  ducting  or  enhanced  propagation  was 
exhibited  during  all  but  three  of  the  days.  On  the 
three  days  that  did  not  exhibit  ducting,  a  subreffactive 
environment  was  indicated.  All  of  the  subrefractive 
days  were  measured  at  Wallops  Island.  The  data  set 
is  not  large  enough  to  draw  statistical  conclusions 
about  the  percentage  occurrence  of  ducting  or 
subrefraction.  However,  the  fact  that  such  a  range  of 
conditions  was  sensed  over  a  relatively  short  period 
of  time  indicates  that  the  propagation  environment  is 
quite  dynamic  and  can  easily  dominate  sensor 
performance.  Many  of  the  ducting  environments 
exhibited  spatial  variations  in  one-way  propagation 
factor  as  large  as  30  dB.  That  would  significantly 
effect  sensor  performance,  depending  on  the  location 
of  the  target  in  height  and  range. 

In  general,  the  model  predictions  made  using  the 
best  refractive  profile  data  with  respect  to  time  and 
radial  coincidence  with  the  microwave  measurements, 
yielded  reasonable  agreement  at  least  with  regard  to 
trends.  Most  notable  were  the  good  comparisons 
between  measured  and  predicted  horizontal  fade 
situations.  In  the  case  of  some  of  the  more 
complicated  refractive  environments,  exact  matches 
seem  out  of  reach,  perhaps  due  to  the  temporal 
variability  present  in  the  refractive  environment. 

5-2  Microwave  Propagation  Measurement  System 

5.2.1  Temporal  Variability 

Both  long  and  short  term  temporal  variability 
were  observed  during  the  data  collection  period.  The 
long  term  variability  was  marked  primarily  by  a 
transition  from  ducting  to  subreffaction  and  vice 
versa.  Figure  7  shows  an  example  of  such  a  transition 
from  ducting  to  subrefraction.  The  propagation 
factors  are  plotted  for  four  different  frequencies  for 
the  receiver  at  54  feet.  In  Figure  7  the  four 
horizontal  bands  depict  the  measured  propagation 
factors  at  four  frequencies.  The  horizontal  axis  shows 
the  time  span  of  approximately  12  hours.  The 
vertical  axes  for  each  of  the  four  frequencies 
represent  target  heights.  The  propagation  factors 
relative  to  freespace  are  plotted  in  gray  scale.  Two- 
minute  periods  where  the  data  was  not  taken  are 
shown  as  gray  vertical  stripes.  At  0600  hours,  a  wide 
stripe  of  gray  is  shown  when  the  system  was  off-line. 

The  earlier  part  of  the  time  period  covered  in 
Figure  7  indicates  enhanced  propagation  factors 
better  than  10  dB  above  the  freespace.  At  higher 
frequencies  strong  null  structures  can  be  seen  versus 
target  altitude.  A  helicopter  sounding  taken  about  30 


km  off  the  coast  of  Wallops  Island  showed  a  surface 
duct  up  to  about  50  meters  about  five  hours  (2002 
UTC,  Mar  23)  prior  to  the  beginning  of  the  time 
period  covered  in  Figure  7.  On  March  23  at  1800 
UTC,  a  surface  pressure  chart  showed  that  the 
Wallops  Island  area  was  within  a  warm  maritime 
tropical  air  mass  associated  with  a  high  pressure 
center  located  near  Bermuda.  There  were  no  fronts 
within  3(X)km  of  Wallops  Island  (Ref.  4). 

Around  0600  UTC  on  March  24,  the  transition 
from  strong  ducting  to  subrefraction  occurred.  The 
transition  took  approximately  2  hours,  and 
subrefractive  conditions  lasted  for  over  twenty  hours. 
During  the  subrefractive  period,  the  highest  sensor 
showed  least  loss  of  the  four,  but  all  frequencies 
performed  poorly.  Weather  data  shows  at  1200  UTC 
on  March  24,  a  warm  front  lying  just  north  of  the 
Wallops  Island  area.  A  helicopter  sounding,  taken  on 
March  24  at  1508  UTC  about  18km  off  the  coast  of 
Wallops  Island,  showed  subrefractive  conditions 
below  90  meters  (Ref.  4).  Unfortunately,  during  the 
time  of  transition,  no  local  weather  data  were 
available  and  no  helicopter  or  boat  meteorological 
data  were  available  because  of  the  time  of  the  day. 
However,  the  timing  of  this  fade  transition  was 
compared  to  the  data  from  a  C-band  link  operated  by 
APL  along  a  similar  path  (Ref.  5)  and  showed  a  good 
agreement. 

The  line  plot  in  Figure  8  shows  an  example  of  a 
highly  variable  propagation  which  occurred  over  a 
short  period  of  time.  This  short  term  variability 
occurred  primarily  during  periods  when  a  ducting 
environment  was  present.  In  Figure  8  the  propagation 
profiles  are  shown  for  four  different  frequencies  for 
the  receiver  height  of  84  feet.  The  horizontal  axes 
show  the  one-way  propagation  factor  relative  to  the 
freespace  in  dB,  and  the  vertical  axes  show  the  target 
heights.  The  overlapped  traces  represent  eight 
minutes  of  collected  data  and  display  a  large  degree 
of  variability  in  propagation  factor.  Since  each 
frequency  was  revisited  every  8  seconds,  sixty 
samples  are  displayed.  Significant  changes  in  the  null 
height  and  depths,  20  to  30  dB,  can  be  seen.  This 
rapid  and  large  variability  (as  much  as  60  dB  for  a 
two-way  radar  system)  could  have  a  significant 
impact  on  the  performance  of  a  radar  depending  on 
its  threshold  and  track  filter  characteristics. 

5.2.2  Frequency  Effects  On  Null  Filling 

Much  of  the  data  collected  are  useful  in 
analyzing  the  percentage  bandwidth  necessary  to 
reduce  or  “fill  in”  the  null  structures  in  the  pathloss 
profiles  created  by  multimode  propagation  in  ducting 
environments.  The  data  in  Figure  9  shows  four 
different  frequencies,  5.9,  8.475,  13.57,  and  17.35 
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GHz,  for  the  receiver  at  54  feet.  It  shows  a  shift  in 
null  heights  with  a  change  in  frequency  as  well  as  a 
change  in  the  number  of  nulls.  The  lowest  frequency 
shown  in  Figure  9  appears  to  have  the  best  overall 
loss  performance  and  no  large  null  structures.  These 
effects  or  null  structures  also  occur  with  range 
changes  which  could  not  be  measured  during  this  test 
because  the  transmit  and  receive  arrays  were  at  fixed 
locations. 

5.2.3  Data  Summary 

In  general,  the  mid  frequency  range  of  5.9  to 

12.3  GHz  showed  the  least  loss  over  all  conditions 
and  least  variability  with  time  and  transmitter  height. 
Best  performance  versus  sensor  height  depended  on 
the  environment  type.  Under  some  strong  ducting 
conditions,  the  lower  sensors  showed  the  least  loss. 
In  other  situations,  higher  sensors  showed  less  loss. 

Considering  all  the  data  collected  over  the  test 
period,  propagation  worse  than  the  4/3  earth 
(subrefraction)  occurred  between  20  to  60  %  of  the 
time  depending  on  geometry  and  frequency.  Figure 
10  shows  the  histogram  of  propagation  factor  values 
over  the  entire  test  period  for  3.6  GHz  (receiver  at  54 
feet  and  target  at  15  feet).  The  data  indicate  that  42% 
of  the  propagation  data  was  worse  than  4/3  earth,  or 
subrefractive.  This  shows  that,  at  least  for  the  period 
of  the  four  months  covered  by  these  tests, 
subrefraction  occurred  a  significant  portion  of  the 
total  test  time. 


6.  SYSTEMUPGRADE 

There  is  a  current  effort  to  install  both  the  SFS 
and  the  MPMS  on  the  boat.  Sea  Lion,  to  further  our 
ability  to  characterize  propagation  effects  by  covering 
a  wide  frequency  band  vs.  range.  This  would  allow  a 
capability  to  measure  propagation  across  2  to  18  GHz 
versus  range  with  a  very  rapid  temporal  update  rate. 

7.  CONCLUSION 

The  measurements  of  RF  propagation  in  this 
report  have  shown  that  the  propagation  environment 
varies  significantly  with  altitude,  range,  time  and 
frequency  in  the  low  altitude  region.  Over  15  dB  of 
variation  in  one-way  propagation  loss  was  observed 
for  target  height  differences  of  3  feet,  or  time  periods 
of  less  than  20  seconds.  This  variation  would  be 
doubled  for  a  two-way  system  like  a  radar.  Longer 
term  variations  from  ducting  to  subrefractive 
environments  that  resulted  in  a  40  dB  change  in  one¬ 
way  loss  were  also  observed.  These  subrefractive 


environments  lasted  over  thirty  hours  in  some  cases, 
and  the  loss  values  were  essentially  frequency- 
independent  over  the  2  to  18  GHz  band.  Only 
increasing  the  height  of  the  radar  receiver  showed  any 
decrease  in  pathloss  during  these  subrefractive 
environments.  The  data  indicate  that  under  many  of 
the  extreme  environments,  the  performance  of  the 
conventional  narrowband  radars  will  vary 
significantly  against  sea-skimming  threats.  The  data 
also  show  that  having  a  sensor  with  a  wideband 
capability  could  improve  propagation  related 
performance  by  20  to  30  dB.  Subrefractive  conditions 
occurred  a  significant  percentage  of  the  total  test 
period. 

The  information  obtained  from  the  collected  data 
should  be  useful  for  sensor  design  and  specification. 
With  the  development  of  two  direct  microwave 
propagation  systems,  the  Single  Frequency  System 
and  the  Microwave  Propagation  Measurement 
System,  it  is  possible  to  validate  many  of  the 
propagation  models  and  make  ground  truth 
measurements  for  radar  test  observations.  The  data 
discussed  could  be  used  for  remote  sensing  in  terms 
of  the  development  of  refractivity  inversion 
techniques  (Ref.  6). 

These  two  systems,  could  and  should  be  used  to 
support  the  operational  and  engineering  testing  of 
ship  combat  systems.  In  events  such  as  Combat  Ship 
System  Quiification  Trials  (CSSQT)  where 
assessment  of  true  performance  of  sensor  systems  is 
critical,  the  SFS  and  MPMS  could  play  a  vital  role. 
Utilization  of  the  unique  capability  of  the  MPMS  to 
measure  propagation  for  low  elevation  targets  with 
fine  height  and  frequency  resolution  covering  most  of 
the  shipboard  radar  frequency  band,  provides 
invaluable  input  to  the  design  of  future  Navy  radars. 
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Figure  1.  Horizontal  Fade 
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Figure  2.  Refractive  Profile  for  a  92  ft.  Evaporation  Duct 


Figure  10.  Propagation  Statistic  for  the  Receiver  at  54  ft.,  Frequency  3.6  GHz,  Target  Height  15ft. 
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The  Optical  Physics  Division  of  the  Air  Force  Phillips  Laboratory  with  support  from  the 
Department  of  Energy  (DOE)  Atmospheric  Radiation  Measurement  (ARM)  Program  is  developing 
a  state-of-the-art  line-by-line  atmospheric  radiative  transfer  model  as  the  successor  to  FASCODE 
(Fast  Atmospheric  Transmittance  Code).  The  goal  of  this  project  is  to  create  a  computationally 
efficient  model  which  contains  the  most  up-to-date  physics.  The  new  model,  known  as 
FASCODE  for  the  Environment,  or  "EASE",  combines  the  best  features  of  FASCODE  and 
LBLRTM  (Line-by-Line  Radiative  Transfer  Model),  the  DOE's  standard  radiative  transfer  model. 
Upgrades  to  EASE  include  the  addition  of  a  solar  spectrum  module  to  compute  the  attenuated,  line- 
of-sight  solar  radiance,  improvement  of  the  cloud  and  aerosol  descriptors,  based  on  changes 
to  MODTRAN  (M^oderate  Resolution  Transmittance  hfodel),  and  the  ability  to  incorporate  the  new 
heavy  molecule  absorption  cross-section  data  found  on  the  HITRAN96  database,  which  is  of 
slightly  different  format  from  the  previous  HITRAN  cross-section  data.  This  paper  addresses 
changes  which  have  been  made  to  FASCODE  and  LBLRTM  to  create  EASE,  and  gives  an 
overview  of  the  new  capabilities  and  recent  model  validations. 


The  ability  to  accurately  model  radiation  propagating  through  the  atmosphere  requires  the 
continual  development  of  existing  models,  especially  as  measurement  techniques  and 
instrumentation  become  more  sophisticated.  The  joint  US  Air  Force  (USAF)  and  Department  of 
Energy  Atmospheric  Radiation  Measurement  program  (DOE-ARM)  line-by-line  radiative  transfer 
model  "EASE"  is  the  latest  in  the  FASCODE^  series  of  line-by-line  models.  EASE  is  grounded  in 
FASCOD32,  with  important  contributions  from  FASCOD3P,  the  USAF  band  model 
MODTRAN^,  and  the  standard  DOE  line-by-line  model  OLRTM^.  Once  the  initial  development 
and  beta-testing  of  EASE  are  complete,  the  code  will  be  re-named  FASCOD4.  This  manuscript 
gives  an  overview  of  EASE  and  addresses  future  development  issues. 
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The  core  of  FASE  consists  of  the  FASCODE  lineshape  algorithm^.  After  FASCOD3, 
parallel  development  funded  by  DoD  and  DOE  resulted  in  the  creation  of  FASCOD3P  and 
LBLRTM.  These  codes,  separately,  made  a  number  of  advances  over  FASCOD3.  As  it  became 
clear  that  DoD  would  benefit  from  specific  advances  in  LBLRTM,  the  FASE  effort  was  initiated  to 
merge  FASCOD3P  and  LBLRTM.  Since  a  number  of  FASCOD3  features  were  not  required  for 
the  DOE-ARM  community  (e.g.  the  non-local  thermodynamic  equilibrium  routines),  they  were 
eliminated.  However,  the  advances  for  LBLRTM  resulted  in  significant  changes  to  the  core 
modules  which  compute  the  layer  optical  depth,  as  weU  as  vectorization  and  parameterization  of  the 
entire  code.  Thus  a  thorough  evaluation  of  the  two  codes  was  necessary  to  determine  the  best  way 
to  create  FASE;  by  transferring  the  changes  directly  to  FASCOD3P,  or  by  starting  with  LBLRTM 
and  adding  the  routines  that  were  dropped.  It  was  found  that  the  most  expedient  method  would  be 
to  start  with  LBLRTM  and  add  the  features  from  FASCOD3P6.  This  effort  was  undertaken  only 
after  it  was  established  that  the  optical  depth  calculations  of  both  codes  gave  results  that  differed  by 
less  than  1%  for  a  set  of  standard  test  cases^. 

The  most  significant  changes  to  FASCOD3  found  in  LBLRTM  are  vectorization  of  the  code 
to  significantly  decrease  the  run-time  of  the  model,  modifications  to  increase  the  accuracy  of  the 
Voigt  lineshape  function,  and  parameterization  of  array  dimensions.  The  vectorization  and 
parameterization  changes  involved  both  the  re-writing  of  portions  of  the  code  to  eliminate  "if-then" 
tests  from  within  "do-loops",  as  well  as  a  general  cleaning  of  the  code  to  improve  user 
accessibility.  The  change  in  the  sampling  of  the  Voigt  lineshape  was  made  to  increase  the 
mathematical  accuracy  of  the  optical  depth  calculations  to  less  than  0.5%.  This  change  was 
prompted  by  advances  in  sensor  technology  which  enable  measurements  to  be  made  with  very  high 
spectral  resolution^.  Table  1  lists  the  changes  to  FASE  which  originated  in  LBLRTM. 


Table  1:  FASE  Features  from  LBLRTM 


•vectorization  and  parameterization  of  the  code 

•2020  cm-1  calculation  spectral  range 

•alternate  02  line  coupling  in  microwave  scaled  to  agree 
with  data 

•option:  fixed  wavenumber  grid  output  for  all  layers 
driven  by  the  smallest  sample  value _ 


•improved  accuracy  of  the  Voigt  lineshape 

•embedded  FFT  scanning  functions 

•alternate  C02  line  coupling  in  thermal  infrared  scaled 
to  attain  agreement  with  data 

•option:  layer  optical  depth  in  separate  files  for 
compatibility  with  external  multiple  scattering  codes 
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NEW  FEATURES 

In  addition  to  upgrades  of  existing  features,  several  new  features  were  added  to  FASE. 
These  are  listed  in  Table  2.  Of  particular  significance  are  the  addition  of  the  solar  spectrum  module 
and  upgrades  to  the  aerosol,  cloud  and  rain  routines.  Also,  FASE  has  been  updated  to  accept  all  of 
the  molecular  and  atomic  species  on  the  HITRAN969  database. 


Table  2:  Partial  List  of  New  FASE  Features 


•solar  spectrum  module 

•updated  aerosol,  cloud,  and  rain  module 

•fully  compatible  with  HITRAN96 

•external  file  for  emissivity  and  reflectivity  coefficients 

•Schumann-Runge  bands  and  continuum 

•updated  coefficients  for  Hartley-Huggins  band 

•collections  to  the  spherical  geometry  algorithm 

•corrections  to  the  NLTE  routines 

•option:  layer  input  in  ’atm~cm’ 

•check  for  reauired  line  coupling  coefficients 

The  solar  spectrum  module  allows  the  user  to  compute  the  attenuated  solar  irradiance.  This 
can  be  either  along  a  direct  line-of-sight,  or  a  line-of-sight  that  involves  surface  reflection.  The 
default  solar  spectrum  has  two  componentsiodi,  one  from  50  -  50000  cm-1,  and  the  other  from 
50000  -  57500  cm*!.  The  spectra  are  stored  in  unformatted  data  files  which  allows  the  user  to  use 
an  alternative  spectrum  with  minimal  effort.  As  a  time  saving  measure,  FASE  has  an  option  to 
write  the  attenuated  radiance  to  a  separate  file.  This  enables  the  user  to  do  a  number  of  calculations 
with,  for  example,  different  surface  reflection  properties,  without  having  to  re-compute  the 
attenuated  solar  radiance. 

The  routines  to  compute  the  spectral  properties  of  aerosols  and  hydrometeors  (including 
clouds  and  rain)  are  part  of  a  module  adopted  from  LOWTRAN12  prior  to  FASCOD3.  The 
changes  to  the  module  in  FASE  reflect  changes  that  were  made  for  MODTRAN  (version  3.5)13. 
In  particular,  these  routines  are  now  able  to  simulate  mixed  phase  cloud  types  as  well  as  multiple 
cloud  decks.  Further,  with  the  new  routines  it  is  much  easier  for  the  user  to  specify  and  simulate 
the  spectral  and  microphysical  properties  of  a  particular  type  of  cloud. 

The  latest  version  of  the  HTTRAN  spectroscopic  database,  HTTRANQb,  has  been  expanded 
to  include  a  total  of  36  molecular  species.  The  FASE  array  sizes  and  atmospheric  input 
specifications  have  been  updated  to  accommodate  all  of  these  species.  HITRAN96  also  contains 
new  values  for  the  absorption  cross-sections  of  heavy-molecules  (e.g.  CFCs)  based  on  the  work 
of  Varanasi  Since  these  cross-sections  are  given  as  a  function  of  pressure  and  temperature,  they 
must  be  used  in  a  different  fashion  than  the  previous  cross-section  files,  which  were  only  a 
function  of  temperature.  Rather  than  interpolating  or  extrapolating  the  tabulated  values  to  the 
pressure/temperature  combination  required  for  a  calculation.  Toon  and  Sen^^  created  a  set  of 
'pseudo-lines'  for  these  species,  allowing  the  calculations  to  be  done  in  the  same  manner  as  the 
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line-by-line  calculation.  The  pseudo-lines  were  created  by  fitting  a  set  of  equally-spaced  spectral 
lines  to  the  cross-sectional  data  to  create  a  line  file  similar  to  the  HTTRAN  format.  The  least- 
squares  fit  was  done  for  the  line  strength,  halfwidth,  and  lower  state  energy,  and  the  resulting 
series  of  lines  can  be  merged  directly  with  lines  selected  from  the  HTTRAN  database.  The  pseudo¬ 
line  fits  from  Toon  and  Sen  cover  also  some  measurements  not  on  the  HrrRAN96  database.  The 
pseudo-line  file  is  part  of  the  FASE  databases,  and  can  easily  be  changed  as  new  species  or 
alternative  fits  become  available. 

An  example  of  a  calculation  with  the  heavy-molecule  cross-sections  is  given  in  Figure  1. 
The  lower  curve  shows  the  spectrum  without  CFCs,  while  the  upper  curves  show  the  spectrum 
with  current  levels  of  CFCs,  and  with  the  CFC  levels  that  can  be  expected  by  2002.  It  is  clear  that 
accurate  simulation  of  these  species  is  required  if  the  8  -12  |im  widow  region  is  to  be  utilized  for 
the  quantitative  information  required  for  the  sensing  of  boundary  and  cloud  properties,  as  well  as 
for  surveillance  applications.  It  should  be  noted  that  the  calculation  without  CFCs  represents  that 
which  would  be  calculated  by  LOWTRAN,  which  does  not  have  any  CFC  species  in  its  band 
model. 
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Figure  1:  FASE  simulation  showing  the  impact  of  CFCs  on  the  8-12  ^im  window  region.  The 
lower  curve  is  without  CFCs  (and  is  comparable  to  a  LOWTRAN  calculation),  the  middle  curve  is 
with  current  CFC  levels,  and  the  upper  curve  is  with  the  CFC  levels  anticipated  for  the  year  2002. 
Note  that  the  levels  of  H2O  (e.g.  700  -  800  cm-i),  HNO3  (870  -  900  cm-l),  and  O3  (1000  - 
1050  cm*l)  were  kept  constant  for  this  simulation. 
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CURRENT  AND  FUTURE  FASE/FASCODE  DEVELOPMENT 

Current  work  on  EASE  involves  the  addition  of  the  FASCODE  multiple  scattering  routines. 
EASE  has  an  input  option  whereby  the  layer  optical  depth  information  necessary  for  a  stand-alone 
multiple-scattering  program  will  be  written  to  a  series  of  data  files.  Currently  the  output  file  format 
is  that  required  for  input  to  the  multiple-scattering  programs  CHARTSI6  and  DISORTi^.  The 
FASCODE  routines  contain  a  2-stream  approximation  to  the  scatteringis  and  are  useful  for  low- 
scattering  atmospheres,  or  relatively  fast,  preliminary  calculations  in  a  given  spectral  band.  Once 
the  2-stream  multiple-scattering  has  been  implemented  in  EASE,  the  code  will  have  all  of  the 
original  capabilities  of  FASCOD3P.  At  that  point  is  will  be  re-named  FASCOD4  and  will  be  made 
available  from  the  Air  Force  with  DOE  consent. 

It  is  anticipated  that  future  upgrades  to  FASCOD4  will  include  (1)  the  ability  to  compute  the 
single-scattered  solar  radiance,  and  (2)  the  addition  of  the  Herzberg  bands  in  the  240  -  280  nm 
region  of  the  UV.  The  single-scattered  solar  radiation  is  an  important  component  to  the  radiance  in 
the  near  infrared.  The  fact  that  this  is  not  included  in  the  current  state-of-the-art  LBL  model  could 
lead  to  serious  errors  in  near-infrared  calculations  under  sunlit  conditions.  The  inclusion  of  the 
Herzberg  bands  is  important  in  the  solar  blind  region,  which  is  often  used  for  UV  communications 
and  sensors.  As  with  single-scattering,  the  lack  of  this  information  in  LBL  models  could  have 
serious  consequences. 

"Hyperspectral  sensing"  is  a  relatively  new  descriptor  for  nadir-viewing  measurement 
techniques  historically  used  by  the  atmospheric  remote  sensing  communities.  As  opposed  to 
"multi-spectral"  sensing,  which  includes  any  instrument  with  a  finite  number  of  specific  channels, 
filters,  or  bands,  hyperspectral  implies  employing  enough  charmels,  usually  contiguous,  to  provide 
information  sufficient  to  de-correlate  the  spectral  characteristics  of  the  surface  and  the  atmosphere. 
This  definitions^  can  be  contrasted  with  others,  such  as  "any  instrument  with  better  than  4  cm-S 
resolution  used  for  surveillance.  "20  The  latter  definition  can  be  entirely  inadequate  in  the  thermal 
infrared  (TTR)  because  overlapping  molecular  systems  will  not  be  sufficiently  discriminated  at  such 
low  spectral  resolution.  However,  in  the  visible  and  near-infrared  regions  of  the  spectrum,  a 
typical  wavelength  resolution  of  10  nm  at  600  nm,  e.g.,  that  employed  by  the  AVIRIS  instrument 
for  the  airborne  sensing  of  surface  properties2i,  corresponds  to  a  wavenumber  resolution  of  over 
200  cm-1,  and  the  4  cm*!  "hyperspectral  resolution"  is  more  than  sufficient  to  separate  the 
atmospheric  and  surface  contributions  to  the  radiance. 

While  the  definition  of  hyperspectral  sensing  typically  refers  only  to  nadir-viewing 
instruments,  the  concept  can  be  expanded  to  limb-  and  zenith-viewing  instruments  as  well.  In 
these  cases,  high  spectral  resolution  in  the  infrared  is  required  to  achieve  high  vertical  resolution 
and  to  aid  in  de-correlating  contributions  from  the  atmosphere  and  clouds.  Because  FASCODE 
calculations  are  at  monochromatic  spectral  resolution,  FASCODE  can  be  used  for  TIR 
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hyperspectral  sensing.  In  fact,  the  FASCODE  algorithm  has  been  used  extensively  to  compute  the 
atmospheric  compensation  for  interferometer  data  taken  from  ground,  aircraft  and  satellite 
platforms22,23.  One  drawback  of  line-by-line  models  is  the  amount  of  time  required  for 
computation,  and  the  use  of  FASCODE  for  operational  hyperspectral  sensing  will  require  time¬ 
saving  modifications  to  the  code.  A  number  of  approaches  to  this  problem  are  being  tested  and 

evaluated24. 


MODEL  VALIDATIONS 

Validation  of  FASCODE  is  an  on-going  process  involving  the  comparison  of  calculations 
with  measured  spectra.  This  exercise  requires  accurate  knowledge  of  the  atmospheric  profile  in 
order  to  separate  differences  due  to  the  atmospheric  path  from  differences  due  to  the  algorithm 
itself.  Recently,  validation  of  data  from  the  High-resolution  Interferometer  Sounder  (HIS)25 
showed  that  FASCOD3P  is  capable  of  fitting  the  measurements  within  a  few  percent,  given 
accurate  sonde  data.  This  work  also  showed  that,  independent  of  sonde  information,  the  high 
resolution  measurements  were  able  to  reveal  the  state  of  the  atmosphere  and  allow  the 
determination  of  sea  surface  albedo  and  temperature.  When  applied  to  hyperspectral  imaging  this 
process  is  termed  'atmospheric  compensation'. 

CONCLUSIONS 

The  Air  Force  PhiUips  Laboratory  development  of  high  spectral  resolution  radiative  transfer 
models  continues  with  the  merger  between  FASCOD3P  and  LBLRTM  to  create  FASE,  which  will 
ultimately  become  FASCOD4.  A  number  of  new  features  have  been  added  to  FASE,  the  most 
notable  of  which  are  the  ability  to  compute  the  attenuated  solar  radiance,  the  ability  to  use  all  the 
species  on  the  HrrRAN96  database,  and  major  improvements  to  the  cloud/rain  routines.  These 
features  greatly  expand  the  capabilities  of  the  model  and  allow  for  realistic  simulations  of  the 
atmospheric  radiation  environment. 

While  they  are  often  thought  of  as  slow  and  cumbersome,  line-by-line  models  such  as 
FASCODE  play  an  important  role  in  the  development  of  faster  radiative  transfer  models.  The 
ability  of  these  codes  to  compute  the  fundamental  physics  is  an  important  link  between  the 
fundamental  radiative  transfer  and  the  fast  model  approximations.  Because  of  its  breadth,  covering 
the  microwave  to  the  ultraviolet  under  LTE  and  NLTE  conditions  with  a  spherical  path  geometry 
algorithm,  FASCODE  will  play  a  key  role  in  the  development  and  validation  of  fast  algorithms 
applicable  to  real-time  hyperspectral  sensing  and  imaging 
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1.  General 

Operations  in  desert  environments  may  be  influenced  by  effects  not  found  under  climatic  condi¬ 
tions  of  middle  latitudes.  Apart  from  the  different  general  climatic  situations  also  other  effects 
typical  for  desert  regions  will  affect  systems  operation,  e.  g.  through  blowing  dust  and  sand  by 
reducing  atmospheric  transmittance  of  electro-magnetic  radiation.  This  can  cause  severe 
problems  in  system  operation  and  even  prevent  it. 

This  study  analyzes  synoptic  weather  data  from  nine  Middle  East  meteorological  stations.  Fur¬ 
thermore,  to  characterize  ir  propagation  conditions  the  atmospheric  transmittance  was  derived 
from  the  meteorological  data.  The  resulting  statistics  are  presented  and  analyzed. 

The  stations  cover  a  wide  geographical  range  from  the  northern  Middle  East  states  to  the 
southern  part  of  the  Saudi-Arabian  peninsula.  It  is  assumed  that  this  choice  will  describe  typical 
climatic  areas  of  interest. 

2.  Origin  and  Scope  of  Source  Data 

Synoptic  weather  data  from  the  Middle  East  desert  regions  formed  the  basis  for  the  following 
climatological  survey.  They  are  available  to  FGAN-FfO  through  the  Global  Telecommunication 
Service  (GTS)  of  the  World  Meteorological  Organization  (WMO).  The  national  data  bank  of 
GTS  data  is  held  by  the  German  Weather  Service,  Seewetteramt  Hamburg  (SWA),  which  dis¬ 
tributes  the  data. 

The  data  covers  the  complete  set  of  meteorological  parameters  as  collected  world-wide  at  fixed 
synoptic  hours  of  observation.  A  total  period  of  one  year  of  observations  has  been  evaluated  for 
nine  meteorological  stations  as  listed  below  in  Table  1. 
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block-nr. 

station-nr. 

period 

longitude 
degr.  E 

latitude 
degr.  N 

name 

(country) 

40 

072 

1985 

40.9 

34.4 

Abu-Kamal 

(S) 

40 

250 

1985 

38.2 

32.5 

H4 

(J) 

40 

310 

1985 

35.8 

30.2 

Ma'an 

_ y) _ 

40 

340 

1985 

35.0 

29.6 

Aqaba 

40 

356 

1985 

38.7 

31.7 

Al-Turayf 

_ _ 

40 

394 

1985 

41.7 

27.4 

Hail 

_ (A) _ 

41 

024 

1985 

39.2 

21.7 

1  Jiddah 

_ (A) _ 

41 

062 

1985 

45.6 

20.5 

'  Sulayel 

_ (A) _ 

41 

136 

1985 

47.2 

17.5 

Sharurah 

_ (A) _ 

Table  1:  Nine  selected  Middle  East  meteorological  stations  with  geographical  location 
and  time  period  covered.  The  first  two  columns  indicate  the  international  block 
number  and  the  station  number  for  identification. 

(S:  Syria,  J:  Jordan,  A:  Saudi-Arabia) 

Fig.  1  presents  a  map  to  illustrate  the  geographical  positions  of  each  station.  Obviously  seven 
of  these  stations  are  lying  in  desert  or  desert-like  territory,  whereas  two  of  them  (Aqaba  and 
Jiddah)  have  a  coastal  environment.  Note  that  the  desert  stations  partly  have  a  considerable 
large  altitude  above  sea  level. 


Fig.  1:  Geographical  location  of  nine  selected  Middle  East  meteorological  stations. 
Numbers  indicate  altitude  in  m  above  sea  level. 


The  data  from  the  GTS  through  the  SWA  is  distributed  in  a  coded  form  (SWASYNOP)  similar 
to  the  international  weather  code  of  the  WMO.  It  has  to  be  decoded  before  use.  Furthermore  it 
is  generally  uncorrected  and  therefore  requires  a  thorough  inspection  and  validation.  Both  pro¬ 
cedures  have  been  applied  in  the  FGAN-FfO  to  the  data  set  described  above.  The  Saudi-Ara- 
bian  observations  are  nearly  complete.  The  other  stations  (Syria  and  Jordan)  show  larger  gaps, 
preferably  during  night  hours.  Therefore  for  detailed  studies  only  the  Saudi-Arabian  stations 
were  considered. 
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3.  Data  Structure  and  Evaluation 


All  available  data  were  stored  on  one  file  for  each  station  in  chronological  order.  The  parame¬ 
ters  contained  in  each  file  are  listed  in  Table  2. 


_  General  Data  and  File  identification _ 

Julian  date,  block-nr.,  station-nr,  altitude  a.s.l.,  longitude,  latitude,  date,  time  (UTC) 

_ Observed  Parameters _ 

Present  weather,  incl.  cloud  cover _ 

Pressure  at  station,  pressure  reduced  to  sea  level _ 

Visual  range,  wind  speed  and  wind  direction _ 

Temperature,  dew  point  temperature _ 

Amount  of  precipitation  since  last  observation _ 

_ Derived  Quantities _ 

Relative  humidity _ 

Absolute  humidity  _ 

IR  transmittance  (3  ■  5  pm,  8 « 13  pm)  over  1  km  range:  molecular,  aerosol,  total 

Table  2:  Quantities  contained  in  each  record  of  the  data  file. 


As  mentioned  above  one  file  for  each  meteorological  station  was  created.  They  can  serve  as  a 
data  base  for  further  analyses.  To  complement  the  original  data  some  derived  quantities  have 
been  added  as  listed  in  Table  2. 

The  transmittances  were  calculated  (for  1  km  horizontal  range)  after  SYTRAN  [1]  which  is  a 
short  version  of  LOWTRAN  7  [2],  assuming  a  transmissometer  source  temperature  of  650  °C 
and  standardized  system  response  functions  for  both  atmospheric  window  regions  (3  -  5  pm 
and  8-13  pm). 

The  molecular  contribution  to  atmospheric  transmittance  is  fairly  well  known  from  LOWTRAN. 
The  calculation  of  the  transmittance  contribution  due  to  atmospheric  aerosols  requires  the  as¬ 
sumption  of  an  aerosol  model  as  long  as  no  further  information  -  for  example  transmission 
measurements  -  is  available.  The  following  study  makes  use  of  the  LOWTRAN  7  Desert  Aero¬ 
sol  Model  throughout.  For  the  coastal  stations,  which  have  been  included  for  comparisons,  this 
assumption  may  not  be  justified.  Therefore  the  aerosol  transmittances  at  these  locations  must 
be  considered  with  care.  This  Desert  Aerosol  Model  is  described  in  detail  in  [3].  In  its  original 
form  it  describes  the  atmospheric  aerosol  mass  loading  as  a  function  of  wind  speed  only.  It  rep¬ 
resents  an  average  of  many  findings  and  is  not  more  than  a  generic  rather  than  a  specific 
model.  Other  than  in  [3]  it  is  possible  to  enter  in  LOWTRAN  7  an  observed  visual  range  as  an 
input  parameter  for  scaling  the  resulting  aerosol  transmittance  according  to  visibility. 

The  data  evaluation  has  been  performed  in  several  steps.  In  a  first  step  time  series  of  a  number 
of  meteorological  parameters  were  plotted  to  get  an  overview  of  occurring  annual  and  diurnal 
variations.  Also  for  the  derived  quantities  time  series  plots  are  available.  Examples  will  be 
shown  below.  In  a  second  step  statistical  evaluations  were  performed  in  the  form  of  cumulative 
frequency  distributions  of  meteorological  and  other,  derived  parameters  over  the  whole  year. 
The  third  step  dealt  with  the  annual  variability  of  the  cumulative  frequency  distribution  of  trans- 


mittance.  Some  selected  results  also  on  this  topic  are  given  below.  An  estimate  of  thermal  im¬ 
agers  ranges  statistics  is  given  in  the  last  section. 


4.  Data  Presentation  and  Statistical  Results 

Selected  examples  of  the  data  evaluation  and  general  statistical  results  are  summarized  in  the 
following  chapter. 


julion  dot®  Julian  dote 


Fig.  2:  Temperature  (left)  and  absolute  humidity  (right)  as  a  function  of  the  Juiian 
date  at  stations  Hail,  Sharurah,  and  Jiddah  (Saudia-Arabia). 

186 


4.1  Selected  Time  Series  of  General  Meteorological  Data 

In  Fig.  2  time  series  over  one  year  of  atmospheric  temperature  and  absolute  humidity  at  three 
of  the  Middle  East  stations  are  presented. 

The  annual  variation  of  temperature  can  reach  an  amplitude  of  nearly  40  °C  at  least  in  typical 
desert  locations  as  shown  in  Fig.  2.  In  contrast  the  station  Jiddah  shows  a  more  moderate  am¬ 
plitude  of  less  than  20  “C  due  to  its  coastal  environment.  However,  in  both  cases  considerable 
diurnal  variations  of  nearly  20  °C  are  observed.  It  should  be  mentioned  that  temperature  in  the 
desert  even  can  reach  the  freezing  point  during  nights  of  extreme  radiative  cooling.  This  is  es¬ 
pecially  the  case  at  higher  altitudes,  e.  g.  at  Hail  (see  Figs.  1  and  2). 

The  absolute  humidity  can  also  vary  extremely  rapidly  and  reaches  maximum  values  in  Jiddah 
with  extreme  humidities  in  late  summer  of  20  -  25  gm'^.  All  other  stations  examined  in  this  study 
never  reach  these  extreme  absolute  humidities,  which  obviously  is  related  to  the  coastal  posi¬ 
tion.  Only  Aqaba  as  a  station  near  coast  has  comparable  humidities.  Cumulative  probabilities  of 
visual  range  Vn  are  shown  in  Fig.  3.  At  the  stations  considered,  Vn  rarely  exceeds  15  km.  This 
is  a  clear  contradiction  to  the  prediction  contained  in  the  original  Desert  Aerosol  Model  [3]. 
There  a  value  Vn  =  80  km  is  quoted  for  calm  conditions.  Therefore  simultaneous  measurements 
of  meteorological,  ir  and  aerosol  conditions  at  desert  locations  seem  extremely  necessary.  They 
are  cuirently  under  preparation  by  the  FGAN-FfO.  Furthermore,  the  results  seem  to  indicate  a 
need  for  more  sophisticated  desert  type  aerosol  models.  The  discrepancy  may  result  from  visi¬ 
bility  estimation  conventions  or  even  from  observational  errors  or  inadequate  positioning  of  visi¬ 
bility  marks  near  the  observation  site. 


4.2  Cumulative  Probabilities  of  IR  Transmittances 

The  calculated  transmittances  at  the  nine  Middle  East  meteorological  stations  have  been 
evaluated  in  the  form  of  cumulative  transmittance  curves,  in  Fig.  4  some  exemplary  results  are 
presented  for  the  Middle  East  desert  region  (stations  Hail,  Sulayel  and  Sharurah)  and  the 
coastal  station  Jiddah.  As  stated  earlier,  the  LOWTRAN  7  Desert  Aerosol  Model  was  applied 
throughout.  Fig.  4  shows  the  molecular,  aerosol,  and  total  transmittance,  respectively,  for  both 
atmospheric  window  regions  (3  -  5  pm  left,  and  8  - 13  pm  right).  The  molecular  contribution  is 
strongly  related  to  the  atmospheric  water  content,  which  assumes  excessive  values  at  the 
coastal  station  of  Jiddah.  Consequently  the  cumulative  curve  of  Jiddah  deviates  strongly  from 
those  of  all  other  stations.  (The  water  content  at  Jiddah  has  already  been  shown  in  Fig.  2).  In 
general  the  transmittance  (over  1  km  range  as  shown  here)  at  8 -13  pm  is  approximately 
10-15  %  larger  in  comparison  with  the  3  -  5  pm  region.  For  Jiddah,  a  strong  broadening  of  the 
molecular  transmittance  distribution  is  observed  when  changing  from  the  3-5  pm  region  to 
8-13  pm.  This  effect  must  be  attributed  to  the  weaker  water  vapor  dependence  of  absorption 
in  the  3  -  5  pm  region  in  comparison  to  the  8  - 13  pm  region,  which  becomes  even  more  effec¬ 
tive  at  extreme  high  water  contents  (above  15  gm'^)  as  occurring  at  Jiddah. 

The  aerosol  transmittances  are  quite  similar  at  all  stations  and  for  both  regions  as  can  to  be 
seen  from  Fig.  4  (middle).  The  partly  stepped  curves  reflect  the  wind  and  mainly  the  visibility 
statistics,  which  are  often  given  by  rough  step  functions  due  to  human  eye  observations  or  in¬ 
strumental  readings.  Fig.  4  (bottom)  shows  the  total  transmittance  statistics.  As  aerosol  trans¬ 
mittance  usually  is  relatively  high  mainly  the  molecular  contribution  determines  the  total  trans- 
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mittance  and  the  form  of  the  cumulative  curves.  But  still  further  analyses  based  on  relevant 
measurements  will  have  to  take  into  account  visibilities  exceeding  15  km  and  should  be  based 
on  experimentally  proven  aerosol  models. 


visuol  range  in  km 


Fig.  3:  Cumulative  probabilities  of  visual  range  based  on  1  year  of  observations 

(1985)  at  the  desert  stations  Hail,  Sulayel,  and  Sharurah,  and  the  coastal  sta¬ 
tion  Jiddah. 

(Values  exceeding  15  km  seem  not  to  occur  due  to  observation  /  documenta¬ 
tion  conventions  used) 


4.3  Annual  Variability  of  IR  Propagation  Conditions 

So  far  only  annual  statistics  data  have  been  presented.  Fig.  5  illustrates  the  seasonal  variability 
of  seven  n-percentiies  (n  =  5,  10,  25,  50,  75,  90,  95)  of  the  total  transmittances  (3-5  pm  and 
8-13  pm)  for  the  stations  Jiddah  and  Sulayel  which  seem  to  be  representative  for  a  coastal  and 
a  central  desert  station,  respectively. 

A  relatively  broad  distribution  in  the  8  - 13  pm  region  can  be  observed  in  Jiddah,  which  shrinks 
to  a  nearly  constant  value  over  the  whole  year  in  the  3  -  5  pm  region,  caused  by  the  weaker 
dependence  against  water  content  variations  mentioned  under  4.2.  The  annual  variations  are 
comparatively  small,  also  in  the  8  - 13  pm  region,  and  probably  also  influenced  by  local  circula¬ 
tion  systems  which  cannot  be  anaiyzed  in  detail  without  further  information  about  the  different 
locations  of  the  meteorological  stations  involved  in  this  study. 
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totol  transmittance  in  %  3—5  1km  totof  transmittance  in  %  8—13  1km 


Fig.  4:  Cumulative  frequencies  of  molecular  (top),  aerosol  (middle)  and  total 
(bottom)  ir  transmittances  over  1  km  range  for  stations  Hail,  Sharurah,  Su- 
layel  and  Jiddah:  wavelength  regions  3  -  5  pm  (left)  and  8  - 13  pm  (right). 
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month  of  the  year 


month  of  the  year 


Fig.  5:  Cumulative  seasonal  variation  of  total  transmittance  over  1  km  in  the  3  -  5  jim 
region  (left)  and  the  8  - 13  Mm  region  (right)  at  the  station  Sulayel  (top)  and 
Jiddah  (bottom).  The  seven  curves  represent  various  n-percentiles  with  n  =  5, 

10, 25, 50, 75, 90  and  95,  counted  from  bottom  to  top. 

The  conditions  in  Sulayel  are  different  from  those  in  Jiddah  but  seem  nevertheless  more  char¬ 
acteristic  for  desert  regions.  The  8-13  pm  region  (for  1  km)  is  generally  10  - 15  %  better  than 
the  3  -  5  pm  region.  During  the  months  December  to  May  also  larger  transmittance  reductions 
can  occur.  The  general  form  of  the  curves  is  mainly  determined  by  the  molecular  contribution, 
whereas  the  aerosol  contribution  is  generally  very  small.  It  turned  out  that  only  for  compara¬ 
tively  short  periods  the  aerosol  extinction  becomes  the  dominating  factor.  This  holds  for  all  des¬ 
ert  stations,  where  these  events  are  mainly  attributed  to  sand  /  dust  storms. 


4.4  Estimation  of  Thermal  Ranges  Statistics 

The  knowledge  of  range  statistics  for  modem  thermal  imagers  operating  under  arid  climatic 
conditions  is  extremely  important.  On  the  basis  of  the  meteorological  data  set  described  above 
an  estimate  of  such  statistics  was  performed. 
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Mathematically  the  range  of  a  thermal  imager  is  determined  by  the  intersection  point  of  its 
MNTD  (Minimum  Necessary  Jemperature  Difference)  and  the  Effective  Jemperature  Difference 
[ETD)  [4],  Both  functions  are  -  besides  others  -  a  function  of  range  R.  The  ETD  is  scaled  by  the 
absolute  value  of  the  initial  target-to-background  temperature  difference,  ATo.  Thus  the  follow¬ 
ing  equation  has  to  be  solved  to  calculate  a  thermal  range  i?  of  a  certain  imager  and  for  a  cer¬ 
tain  observation  task: 

ETD  =  AToT^jf{R)  =  NMNTD{R),  (1) 

where  Teff{R)  is  the  effective,  i.  e.  systems  weighted,  atmospheric  transmittance.  A/  is  a  normal¬ 
izing  factor  converting  the  MNTD  measured  under  laboratory  conditions  to  real  meteorological 
conditions.  The  calculations  were  performed  for  the  following  conditions: 

thermal  imager  generic  system  8-13  pm, 

observation  task:  50  %  recognition  probability, 

target  size:  2.3  m  x  2.3  m. 

The  MNTD  was  taken  from  the  FGAN-FfO  Thermal  Range  Model  (TRM)  [4].  The  effective  at¬ 
mospheric  transmittance  was  calculated  via  the  SYTRAN-Code  [1].  The  initial  temperature  dif¬ 
ference  was  estimated  from  a  simple  zero  order  model  assuming  a  sinusoidal  diurnal  variation 
of  ATo,  with  a  maximum  around  early  afternoon  and  a  minimum  during  night  or  early  morning 
hours,  both  extremes  depending  on  season  and  cloud  cover.  Extreme  values  of  ATo  range  from 
3.5  K  (summer,  afternoon)  to  0.4  K  (winter,  night  and  early  morning  hours). 

Equation  (1)  was  solved  numerically  to  obtain  the  thermal  range  R  for  a  given  meteorological 
condition.  A  statistical  evaluation  is  given  in  Fig.  6,  where  cumulative  frequencies  of  thermal 
ranges  are  plotted  for  the  nine  Middle  East  weather  stations  and  the  conditions  listed  above. 


Fig.  6:  Cumulative  frequencies  of  tank  recognition  ranges  for  a  generic  thermal  im¬ 
ager  in  the  8-13  pm  region  at  nine  Middle  East  weather  stations. 
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5.  Conclusions 

Synoptic  weather  data  from  nine  Middle  East  meteorological  stations  have  been  analyzed  with 
respect  to  ir  propagation  conditions.  Apart  from  coastal  stations  the  ir  transmittances  behave 
quite  similar  at  all  stations.  The  conditions  at  the  coastal  stations  are  mainly  influenced  by  high 
atmospheric  water  vapor  amounts  which  drastically  influences  the  molecular  transmittance 
contribution. 

Statistics  of  visual  ranges  cannot  be  explained  by  the  LOWTRAN  7  Desert  Aerosol  Model. 
Therefore  comprehensive  field  measurements  on  a  regular  basis  performed  under  desert  con¬ 
ditions  including  aerosol  measurements  seem  extremely  necessary  to  derive  well  established 
statistics  and  a  more  sophisticated  desert  type  aerosol  model. 

The  individual  characteristics  of  ir  propagation  conditions  at  each  station  will  certainly  be  influ¬ 
enced  also  by  local  climatological  and  orographic  effects.  A  detailed  interpretation  of  the  results 
will,  however,  only  be  possible,  when  related  information  will  be  available. 

To  derive  realistic  thermal  imager  performance  ranges,  additional  relevant  target-background 
models  have  to  be  established  and  the  influence  of  clutter  to  be  included,  which  can  be  quite 
excessive  under  desert  conditions. 
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ABSTRACT 

The  MAPTIP  (Marine  Aerosol  Properties  and  Thermal  Imager  Performance)  experiment  was  organised  as  part  of  a 
project  to  assess  atmospheric  effects  on  the  performance  of  electro-optical  sensor  systems  in  coastal  areas.  The 
main  issue  was  the  detection  and  identification  of  targets.  The  experiment  took  place  at  the  North  Sea  from  11 
October  to  5  November,  1993,  and  was  centred  around  Meetpost  Noordwijk,  a  research  tower  9  km  from  the 
Dutch  coast.  Platforms  included  a  beach  station,  ship,  research  airplane,  P3  Orion,  helicopter  and  three  buoys.  The 
aim  was  to  characterise  the  atmosphere  (aerosols,  extinction,  turbulence,  refiractivity,  and  the  vertical  and 
horizontal  variations  of  relevant  meteorological  parameters)  in  combination  -with  detailed  measurements  of  optical 
and  IR  effects  using  thermal  imagers,  visual  cameras,  transmissometers  and  visibility  meters,  as  well  as  a  variety  of 
point  sources  and  ship,  aircraft  and  helicopter  serving  as  targets.  Detection  and  identification  ranges  were 
determined  and,  for  the  interpretation  of  IR  signature  measurements,  IR  properties  of  extended  targets  were 
continuously  monitored  with  radiometers.  Extensive  studies  were  made  on  polarisation  effects,  backgrounds  and 
effects  of  sun  glint.  An  overview  of  the  experimental  efforts  and  the  ensuing  analysis  and  moflrfiTig  studies  is 
presented.  MAPTIP  was  the  first  validation  of  some  recently  developed  atmospheric  propagation  models,  inrluHing 
aerosol  models,  in  a  coastal  environment.  MAPTIP  has  yielded  a  wealth  of  data  for  the  development  of  advanced 
aerosol  models,  description  of  horizontal  variability,  improvement  of  point  target  detection  algorithms,  validation 
of  detection  range  models,  and  EOTDA  validation. 

1  INTRODUCTION 

The  development  and  assessment  of  the  performance  of  electro-optical  (EO)  detection  systems  requires  validated 
models  describing  the  sensor  and  target  characteristics,  the  background  and  the  propagation  mffriium  The 
propagation  medium,  i.e.  the  intervening  atmosphere,  introduces  extinction,  refraction  and  turbulence,  if.aHing  to 
degradation  of  the  radiance  contrast  between  a  target  and  its  natural  background,  as  viewed  by  the  sensor. 
Atmospheric  constituents  absorb  and  scatter  radiation.  Therefore,  atmospheric  models  used  in  the  propagation 
prediction  codes,  in  particular  for  aerosols  but  also  for  gaseous  constituents,  need  to  be  accurate.  Turbulence  and 
refiaction,  due  to  temperature  fluctuations  and  temperature  gradients,  respectively,  cause  blurring,  scintillation, 
beam  wander,  mirages,  etc.  In  thermal  imagers,  these  effects  may  result  in  image  distortion,  contrast  reduction  and 
other  detection  problems.  In  this  contribution  we  focus  on  atmospheric  models  and  their  validation. 

Presently,  the  Atmospheric  Transmission/Radiance  computer  code,  LOWTRAN,'"'’''^  or  its  more  recent  version 
MODTRAN,  is  the  primary  tool  used  for  the  assessment  of  atmospheric  effects  on  systems  performance.  With  the 
inclusion  of  the  Navy  Aerosol  Model,  NAM,  into  LOWTRAN6  and  an  upgraded  version  of  NAM  into 
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LOWTRAN?/^  users  are  now  able  to  determine  the  effects  of  aerosols  on  EO  propagation  in  a  maritime 
environment.  This  model  has  proven  to  be  a  useful  tool  in  predicting  transmission  in  the  marine  atmosphere  along 
horizontal  paths  at  shipboard  levels  (around  10  m).  In  coastal  areas  the  influence  of  continental  aerosol  renders  the 
NAM  predictions  less  reliable.  The  Navy  Oceanic  Vertical  Aerosol  Model  (NOVAM)^"^'^"^  has  been  developed  to 
predict  the  vertical  profiles  of  extinction,  from  shipboard  heights  upward,  throughout  the  marine  boundary  layer 
and  above,  up  to  5000  feet.  NOVAM  uses  NAM  as  its  kernel  and  the  model  accotmts  for  the  generation,  dispersal 
and  removal  of  the  marine  aerosols.  However,  to  date,  the  NAM  and  NOVAM  validation  has  been  restricted  to  a 
limited  range  of  meteorological  situations  and  geographical  locations  and  must  be  extended  to  include  coastal 
regions  which  are  often  governed  by  substantial  concentrations  of  continental  aerosol.^^  Also,  recent  studies  have 
shown  that  NAM/NO VAM  in  their  present  forms  should  not  be  extrapolated  into  the  region  very  near  the  surface 
of  the  ocean  (below  10  m)  for  predicting  atmospheric  properties. 

The  propagation  properties  in  the  lower  few  meters  above  the  mean  surface  are  important  for  the  assessment  of 
atmospheric  effects  on  EO  propagation  over  long  ranges,  along  paths  skimming  the  wave  tops.  Examples  are 
Long-Range  IR  Search  and  Track  (LR-IRST)  applications  for  detection  of  sea-skimming  missiles,  periscope 
detection,  etc.  The  only  available  model  for  extinction  near  the  ocean  surface  is  an  empirical  formulation  based  on 
very  few  measurements  over  the  open  ocean.  In  coastal  areas  this  model  has  not  been  validated.  However,  based 
on  comparisons  of  aerosol  profile  data,  measured  in  different  regions  and  under  different  meteorological 
conditions, this  simple  empirical  formulation  is  not  expected  to  be  generally  applicable. 

Other  effects  that  are  important  for  long-range  propagation  close  to  the  sea  surface  are  turbulence  and  refraction. 
Turbulence  increases  significantly  close  to  the  surface,  because  of  generation  due  to  the  friction  between  wind  and 
waves.  Refiractivity  is  caused  by  refractive  index  structure  due  to  temperature  gradients.  Turbulence  and  refraction 
are  not  taken  into  account  in  MODTRAN.  Until  recently  these  effects  were  not  considered  important  over  sea, 
because  of  low  turbulence  intensities  and  short  propagation  ranges.  However,  now  that  technological  progress  will 
allow  for  much  longer  detection  ranges,  the  effects  of  turbulence  and  refraction  may  be  significant  factors.  Models 
are  being  developed  and  validated  based  on  experimental  data.  An  example  is  IRTOOL,  that  includes  extinction, 
turbulence,  refraction,  as  well  as  other  features  required  to  assess  IR  sensor  performance.  Models  describing  effects 
of  refraction  and  turbulence  are  still  being  developed  (e.g.,  refs.  30, 34,  35,  36)  and  experimental  data  are  required 
for  their  validation. 

It  is  therefore  important  to  obtain  more  detailed  information  on  atmospheric  characteristics  for  the  3-5  and  8-12 
pm  wavelength  bands  in  the  first  few  meters  above  the  sea  surface,  and  to  use  this  information  in  an  effort  to  model 
this  region  (from  the  ocean  surface  to  about  10  m).  Simultaneous  characterisation  of  the  atmosphere,  and 
application  of  sensor  systems  for  the  detection  of  a  variety  of  well-defined  targets  are  required.  In  particular  point 
targets  within  a  few  meters  of  the  ocean  surface  are  important,  but  also  targets  at  higher  elevations  and  extended 
targets. 

2  MAPTIP 

The  MAPTIP  (Marine  Aerosol  Properties  and  Thermal  Imager  Performance)  experiment  was  the  first  effort  to 
determine  atmospheric  effects  on  electro-optical  propagation  at  low  levels  in  coastal  areas.  The  NATO  AC/243 
(Panel  4/RSG.8),  a  study  group  on  atmospheric  effects  on  EO  propagation,  plaimed  and  conducted  MAPTIP  with 
participation  of  NATO  AC/243  (Panel  4/RSG.5)  (IR  targets  and  backgrounds).  This  cooperation  brought  together 
the  unique  combination  of  expertise  required  to  obtain  the  necessary  experimental  data  and  for  the  subsequent 
interpretation. 

MAPTIP  thus  had  two  main  goals.  The  first  was  the  development  and  validation  of  models  describing  atmospheric 
effects  on  electro-optical  propagation  properties  (aerosol  extinction,  refraction  and  turbulence),  in  particular  for 
(slant)  long-range  propagation  paths.  This  required  a  comprehensive  study  of  relevant  atmospheric  processes,  both 
from  the  experimental  and  modeling  points  of  view,  at  levels  from  the  sea  surface  to  the  top  of  the  boundary  layer. 
Simultaneous  application  of  IR-sensor  systems  was  used  to  provide  data  for  testing  of  the  models  in  simulated 
operational  conditions.  The  result,  i.e.  the  validated  models,  are  intended  to  be  included  in  tactical  decision  aids  for 
naval  defence. 
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The  second  aim  of  MAPTP  was  the  assessment  of  thermal  imager  performance  in  a  maritime  environment.  This 
requires,  apart  from  atmospheric  effects,  ship  signatures  and  other  target  characteristics,  models  for  backgrounds 
and  clutter,  etc,,  in  a  variety  of  atmospheric  conditions.  This  topic  will  not  be  discussed  in  this  contribution.  More 
information  and  references  can  be  found  in  ref  26. 

The  MAPTIP  experiment  was  conducted  in  the  North  Sea,  October  11  -  November  5, 1993.  The  focal  point  was 
Meetpost  Noordwijk  (MPN),  position  45®  16'  25.9"  N;  04®  17'  45.8"  E.  MPN  is  a  research  tower  9  km  from  the 
Dutch  coast,  owned  and  maintained  by  the  Dutch  Ministry  of  Public  Works.  This  coastal  location  is  subjected  to 
strong  anthropogenic  influences.  Surrounding  land  masses  of  continental  Europe  and  the  UK  include  industrial 
areas,  large  cities  and  agricultural  and  rural  areas.  North-westerly  wind  directions,  however,  bring  clean  polar  air 
masses  that  are  representative  of  open-ocean  conditions, in  combination  with  large  fetches.  In  addition  to  MPN, 
MAPTP  platforms  included  a  beach  station  in  Katwijk,  a  ship,  the  NRaD  airborne  platform,  the  oceanographic 
research  vessel  Hr.Ms.Tydeman,  a  P3  Orion,  a  Lynx  helicopter  and  three  buoys. 

Aerosol  and  meteorological  instruments,  thermal  imagers  and  calibrated  targets,  were  utilised  on  the  MAPTIP 
platforms,  c£  refs.  4,  6,  or  12  for  extensive  descriptions  of  the  MAPTIP  experiment.  This  network  of 
instrumentation  was  used  for  obtaining  a  comprehensive  data  base  of  aerosol  size  distributions,  including  surface 
layer  profiles  of  the  aerosol  and  (size  segregated)  chemical  composition  and  relevant  meteorological  variables. 
Profiles  of  aerosol  particle  size  distributions  and  meteorological  parameters  in  the  marine  atmospheric  boundary 
layer  were  measured  with  radiosondes  and  with  the  NRaD  airborne  platform. 

Information  was  also  required  for  the  development  of  the  next  generation  aerosol  model  ANAM  (Advanced  Navy 
Aerosol  Model).  Emphasis  was  placed  on  observations  close  to  the  ocean  surface  (below  10  m).  Thermal  imagery 
was  also  included  to  provide  ground  truth  for  assessing  the  ANAM  model  development  for  low-level  propagation. 
For  characterisation  of  spatial  variation  effects  on  electro-optical  propagation  in  this  coastal  area,  measurements  on 
the  horizontal  distribution  of  the  aerosol  and  the  meteorological  variables  were  made  using  the  Hr.  MS.  Tydeman 
and  the  NRaD  airborne  platform. 

Further,  measurements  of  atmospheric  turbulence  and  refractivity  effects  in  the  visible  and  IR  bands  were  made  to 
assess  marine  boundary  layer  effects  on  the  degradation  of  thermal  images  that  were  recorded  from  the  various 
platforms. 

MAPTIP  was  organised  by  the  TNO  Physics  and  Electronics  Laboratory  (The  Hague,  The  Netherlands),  and 
supervised  by  a  scientific  committee  chaired  by  Dr.  Jensen  from  NCCOSC,  with  participation  of  about  50 
scientific  and  engineering  personnel  from  16  scientific  institutes  located  in  9  countries.^ 

3  THE  MAPTIP  DATA 

A  large  data  set  was  collected  during  MAPTIP,  including  thermal  images,  video  recordings  of  refractive  effects,  3- 
D  lidar  maps  showing  boundary  layer  dynamical  behaviour,  etc.  Support  data  include  the  meteorological  data, 
aerosol  data  and  the  calculated  extinction  coefficients  that  are  needed  for  the  analysis  and  interpretation  of  the 
results. 

Aerosols  and  meteorological  parameters  were  measured  by  different  groups,  on  different  platforms,  and  with 
different  instrumentation.  For  instance,  some  of  the  meteorological  parameters  were  measured  during  MAPTIP  by 
as  many  as  nine  different  instruments.  For  an  unambiguous  interpretation  of  the  MAPTIP  results,  it  is  of  crucial 
importance  that  the  support  data  are  reliable  and  single-valued.  Therefore,  a  strong  effort  has  been  made  to  deliver 
consensus  data  sets  both  for  the  meteorological  parameters'^  and  for  the  aerosol  size  distributions,  cq.  extinction 
coefficients.^^  See  ref  26  for  a  brief  summary. 


4 


MODELS  AND  VALIDATION 


4. 1  Development  and  validation  of  aerosol  models 

One  of  the  principal  objectives  of  MAPTIP  was  to  collect  data  for  the  development  of  a  model  that  describes  the 
aerosol  concentrations  in  the  lowest  few  meters  above  the  sea  surface  (ANAM).  To  accomplish  this,  NRaD 
deployed  an  instrument  package  with  optical  particle  counters,  rotorods  and  meteorological  equipment^"*’  that 
was  lowered  ftom  MPN  to  just  above  the  wave  tops.  Data  were  collected  at  a  range  of  levels,  thus  providing  aerosol 
and  meteorological  ‘profiles’.  Due  to  the  wind  direction  relative  to  MPN,  that  was  generally  encountered  during 
MAPTIP  but  is  not  common  for  the  area  in  the  fall,  few  data  were  collected  for  which  the  samplers  had  optimum 
exposure  to  air  masses  advected  from  open  sea.  Nevertheless,  enough  data  were  collected  to  allow  for  the 
determination  of  the  variation  of  the  extinction  values  with  height.  The  analysis  of  the  aerosol  size  distributions  led 
to  the  formulation  of  a  preliminary  version  of  ANAM.^^  The  large-particle  mode  that  had  earlier  been  suggested^® 
(NAM  mode  4)  is  presented  as  a  log-normal  distribution  with  a  mode  radius  that  is  independent  of  wind  speed,  and 
a  mode  amplitude  that  increases  exponentially  with  wind  speed. At  wind  speeds  above  5-6  m/s  the  evidence  of  a 
gradient  in  the  concentrations  of  large  aerosols  disappears.  The  turbulence  produced  by  the  high  wind  speed  also 
mixes  the  large  aerosol  in  the  lowest  10  m  of  the  atmosphere.  As  a  result,  any  vertical  structure  in  the  aerosol 
spectrum  disappears  while  the  net  amount  of  large  aerosol  increases  non-linearly  with  the  wind  speed. 

The  analysis^^  of  the  rotorod  data  measured  by  TNO  from  the  north  side  of  the  platform,  using  a  mast  extending 
10  m  out  (cf.  ref  73  for  a  description),  shows  that  the  gradients  can  be  described  by  existing  surface  layer 
formulations.  However,  in  many  other  cases,  positive  gradients  were  observed,  a  situation  that  cannot  be  handled 
by  the  model.  Physically,  positive  gradients,  i.e.  concentrations  at  elevated  levels  that  are  larger  than  close  the 
source,  are  not  likely.  However,  in  off-shore  winds,  particles  advected  form  land  need  to  be  considered  as  well  as 
the  balance  between  these  continental  particles  and  freshly  produced  aerosol.  The  situation  is  complicated  by  the 
relatively  short  fetches,  developing  wave  fields  and  developing  boundary  layers,  all  resulting  in  different  transport 
regimes.  This  is  a  very  complicated  situation  that  cannot  be  described  by  current  aerosol  transport  models. 

Existing  empirical  aerosol  models  are  not  always  reliable  in  coastal  areas.  An  evaluation  of  NAM  with  the  HEXOS 
aerosol  data  collected  at  MPN  in  1986  has  clearly  indicated  the  large  discrepancies  in  continentally  influenced  air 
masses.^^  In  purely  marine  air  masses,  on  the  other  hand,  NAM  predictions  for  the  MPN  area  compare  favourably 
with  experimental  data.  The  HEXOS  aerosol  data  set  has  been  analysed  to  identify  the  most  important  parameters 
affecting  the  aerosol  concentrations,  and  an  empirical  model  has  been  formulated. This  HEXOS  model  has  been 
validated  with  the  MAPTP  data  collected  at  the  MPN.^^  The  model  has  been  extended  for  wind  directions  that 
were  not  available  in  the  HEXOS  data  set.^^’  During  MAPTIP  the  wind  was  mainly  firom  easterly  directions,  as 
opposed  to  the  westerly  winds  that  usually  prevail  in  the  fall  in  this  area. 

Using  the  aerosol  particle  size  distributions  measured  during  MAPTIP  on  Hr.Ms.  Tydeman,  the  HEXOS  model 
was  evaluated  for  North  Sea  areas  other  than  MPN,  The  analysis  clearly  shows  that  the  model  performance 
degrades  rapidly  with  the  distance  to  the  area  for  which  it  was  developed.^^ 

The  spatial  variability  was  investigated  using  the  MPN/Tydeman  aerosol  and  meteorological  data  sets.^^  Horizontal 
variations  of  both  the  aerosol  and  the  meteorological  parameters  were  clearly  demonstrated.  Concentrations  of 
large  aerosol  particles  (typically  5  pm)  increased  with  fetch.  On  the  other  hand,  the  expected  decrease  in  the 
concentrations  of  the  small  aerosol  particles  (0.5  pm  as  a  typical  example)  was  not  significant.  The  time  lags 
between  variations  occurring  at  MPN,  and  downwind  from  MPN  at  the  Tydeman,  are  in  good  agreement  with  the 
time  required  to  transport  the  air  mass. 

Further  evidence  for  the  horizontal  variation  of  the  aerosol  concentrations  was  provided  by  the  aerosol  maps 
produced  from  the  data  collected  with  the  NRaD  airborne  platform.  In  contrast  to  the  analysis  of  the  data  from 
Hr.Ms.  Tydeman,  the  aircraft  data  did  indicate  considerable  structure  in  the  smallest  sizes.  Strong  gradients  were 
observed  and  plumes  were  clearly  identified.  The  aircraft  measured  in  a  relatively  small  area  (on  the  order  of  25 
km)  during  a  short  time  in  which  aerosol  plumes  may  have  had  little  time  to  disperse.  The  aircraft  data  therefore 
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may  be  representative  of  local  plumes.  The  ship,  on  the  other  hand,  measured  over  larger  distances  (200  km) 
during  long  times  and  used  the  MPN  data  as  reference. 

In  analogy  with  the  above  discussion  on  the  vertical  gradients,  a  detailed  description  of  the  horizontal  variations  is 
complicated  by  the  vicinity  of  land-based  sources  and  the  fetch-dependent  generation  of  fresh  marine  aerosol.  The 
wave  field  is  not  fully  developed  at  short  fetches.  A  small-scale  coastal  aerosol  model  is  needed  to  adequately  take 
into  account  complex  structures  of  the  coastal  environment.  An  effort  to  get  better  insight  into  coastal  phenomena 
is  underway  in  the  framework  of  EOF  ACE  (Electro-Optical  Propagation  Assessment  in  Coastal  Environments).’^ 

Chemical  analyses  of  the  aerosol  composition  were  made  using  data  collected  on  MPN  and  Hr.  Ms.  Tydeman.  The 
MPN  data  include  volatility  samples  that  give  insight  in  the  composition  of  the  aerosol.  The  ship  data  were 
impactor  samples  that  were  analysed  on  the  elemental  composition  of  the  size  fractionated  aerosol.  Results  were 
used  in  the  studies  on  the  horizontal  variability  of  the  aerosol^  ^  and  gave  a  clear  indication  of  the  influence  of 
anthropogenic  aerosol.  These  results  were  further  used  in  a  study  on  aerosol  deposition  into  the  North  Sea."*^ 

4.2  Extinction 

Direct  measurements  of  extinction  coefficients  were  made  with  visibility  meters  operated  by  DREV.^’  These  data 
were  used  in  the  formulation  of  the  consensus  aerosol  data  set  as  discussed  in  section  2. 

In  addition,  extinction  coeff  cients  were  determined  from  the  variation  of  the  intensity  of  the  source  suspended 
imder  the  Lynx  helicopter,  as  observed  with  thermal  imagers  at  MPN,  when  the  helicopter  moved  away  from  the 
tower.  These  data  compare  favourably  with  extinction  coefficients  derived  from  the  measured  aerosol  particle  size 
distributions  and  MODTRAN  calculated  molecular  extinction.  When,  instead  of  the  ‘experimental’  aerosol 
extinction,  extinction  values  were  used  that  were  calculated  with  MODTRAN,  using  either  the  maritime  model  or 
the  urban  model,  large  discrepancies  were  observed.  This  result  indicates  that  the  use  of  existing  models  in  this 
coastal  environment  may  lead  to  wrong  conclusions.  The  effect  of  continental  aerosol  must  be  taken  into  account, 
but  it  is  not  clear,  a  priori,  how  this  must  be  done.  Obviously,  this  requires  the  application  of  an  aerosol  transport 
model  with  the  appropriate  length  scales. 

Extinction  coefficients  at  a  wavelength  of  1.064  pm  were  deduced  from  measurements  with  the  IFU  lidar.^^  Over 
the  surf  zone  the  extinctions  are  clearly  enhanced  and  are  in  the  range  0.05-0.3  km‘^  .  These  values  are  in 
agreement  with  low-level  extinction  values  calculated  from  the  aerosol  measured  from  MPN.^^  Since  IFU  lidars 
were  used  at  four  wavelengths,  the  wavelength  dependence  of  the  extinction  coefficients  could  be  determined.^^ 

4.3  Marine  boundary  layer  and  surf  zone  characterisation  by  lidar  and  horizontal  variability 

Lidar  provides  a  unique  remote  sensing  tool  for  the  characterisation  of  atmospheric  properties  such  as  boundary 
layer  structures,  turbulence,  convective  cells  and  the  variation  of  extinction  in  both  the  horizontal  and  the  vertical 
dimension.  During  MAPTIP,  lidars  were  used  at  MPN  and  at  the  beach  station.  Convective  and  turbulent 
mixing  were  clearly  demonstrated,  in  many  occasions,  with  the  TNO  lidar  on  MPN.  The  influence  of  waves  on  the 
surface  layer  structures  (below  10  m)  were  revealed  and  ship  plumes  could  be  detected.  The  IFU  lidar  at  the  beach 
station  clearly  demonstrated  larger  scale  structures  at  somewhat  higher  elevations,  with  periods  of  300-400  m.  The 
effect  of  the  surf  on  the  extinction  was  also  clearly  visible. 

MAPTIP  was  one  of  the  first  experiments  where  the  IFU  eye-safe  lidar  was  used  (after  VAST92,  another  NATO 
AC/243  (Panel  4/RSG.8)  trial).*  The  extinction  in  fog  is  much  lower  at  the  eye-safe  wavelength  (1.56  |mi)  then  at 
the  wavelength  of  0,532  pm  (factor  7).  See  also  section  3.2  for  extinctions  measured  with  the  lidar. 

4.4  Refraction 

Reffactivity  effects  during  MAPTIP  were  studied  by  three  groups.^*’  MAPTP  was  the  first  validation  of  the 
French  model  PIRAM.’^  For  the  WKD  model  from  DREV  it  was  the  second  test  at  open  sea.  The  results  are  in 
satisfactory  agreement  with  model  predictions  in  both  the  mid-infrared  and  the  visible.  Differences  are  ascribed  to 
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inhomogeneities  in  the  MBL  due  to  coastal  influences.  A  comparison  between  the  PIRAM  and  WKD  models  is 
presented  in  ref.  30.  The  Maximum  Inter- Visibility  Range  (MIVR)  was  often  well  within  1  km  of  the  measured 
values,  and  always  within  2  km.  The  minimum  mirage  range  and  maximum  and  minimum  mirage  height 
predictions  are  also  reasonably  good. 

4.5  Effects  of  turbulence  on  long-range  measurements 

Several  models  describing  effects  of  turbulence  on  EO  propagation  are  available  in  the  MAPTIP  community. 
Direct  measurements  were  made  for  the  evaluation  of  these  models, and  for  comparison  with  bulk 
formulations.^^’  The  bulk  turbulence  model  was  compared  with  direct  measurements  of  the  friction  velocity  u* 
from  the  NPS  buoy  to  test  its  predictive  value.  This  is  extremely  valuable  for  those  occasions  when  direct 
measurements  are  not  available.  The  comparison  led  to  the  conclusion  that  the  bulk  values  are  sufficient  for 
characterisation  when  no  data  are  available.  The  inertial-dissipation  derived  u*  is  larger  than  the  bulk  derived 
values,  probably  due  to  the  bulk  formulation  at  short  fetches.  Values  for  the  temperature  structure  function 
parameter  were  derived  from  the  bulk  formulation  and  from  the  inertial  dissipation  method.  The  results  are  in 
good  agreement  for  C/  >  i.e.  in  strongly  unstable  conditions.^"*  In  the  lower  Ct^  regime  the  turbulent 
fluctuations  of  temperature  are  not  important  for  optical  propagation. 

The  TNO-FEL  bulk  meteorological  model  has  been  validated  with  measurements  of  optical  turbulence.^^  This  was 
done  in  an  extension  of  the  MAPTIP  work.  The  measurements  were  made  along  a  19  km  propagation  path  that 
was  completely  over  water.  The  model  predicts  the  scintillation  and  refractive  index  structure  function  parameter 
(Cn^  )  well  in  on-shore  winds.  In  off-shore  winds,  a  non-equilibrium  situation  is  created  in  which  the  theory  does 
not  strictly  apply.  The  comparison  between  the  model  predictions  and  the  experimental  data  confirms  that  large 
discrepancies  may  occur. 

5  CONCLUSION 

An  overview  has  been  presented  of  the  accomplishments  and  achievements  from  the  MAPTIP  experiment  in  the 
field  of  modeling  and  model  validation.  Other  important  topics  are  detection  ranges,  polarisation,  ship  signatures 
and  background  and  clutter  models.  Details  have  been  presented  in,  thus  far,  40  publications.^""*®  The  MAPTIP  data 
are  also  being  used  for  other  studies."*^""*^  MAPTIP  has  served  as  a  testbed  for  the  first  validation  of  atmospheric 
propagation  models,^^’  and  aerosol  models.^^’  This  has  resulted  in  the  preliminary  formulation  of 
ANAM.^’  Surf  zone  effects  were  reported.^^  Horizontal  variability  of  aerosol  concentrations,  and  thus  aerosol 
extinction,  was  indicated  on  various  scales,  ranging  from  hundreds  of  meters^  to  some  tens  of  km^^  and  also  to 
himdreds  of  km.^^  Turbulence  models  were  tested  with  regard  to  their  predictive  value.^"*  Detection  range  models 
and  EOTDA  were  validated^’  and  the  application  of  polarisation  filters  has  resulted  in  a  wealth  of  knowledge  that 
can  be  used,  e.g.,  to  improve  the  contrast  between  target  and  background.  Point  target  detection  algorithms  were 
significantly  improved.^^’  The  use  of  lidar  to  reveal  structures  in  the  marine  boundary  layer,  as  well  as  in  the 
surface  layer,  has  been  demonstrated.^^  Extinction  coefficients  were  measured  with  lidar^^  and  with  visibility 
meters^^  for  model  validation.  The  results  also  demonstrate  the  use  of  lidar  as  a  tool  for  remote  sensing  of  the 
propagation  environment.  An  assessment  has  been  made  on  the  use  of  MODTRAN  in  coastal  regimes.^* 

Studies  on  electro-optical  propagation  effects  in  the  coastal  environments  are  continued  in  EOPACE.’^  EOPACE 
experiments  are  taking  place  in  Southern  California,  centred  around  San  Diego  and  Monterey,  during  1996-1997. 
Among  the  objectives  of  EOPACE  are: 

-  characterise  aerosol  production  in  the  surf  zone  and  its  effects  on  transmission  in  the  visible  and  IR  wavelengths, 

-  characterise  the  air  mass  in  an  off-shore  flow  and  the  inherent  changes  in  aerosol  content  and  optical  properties, 

-  long-range  transmission  (7,  15,  22  km)  and  scintillation  measurements. 

The  wide  variety  of  instrumentation  used  in  the  EOPACE  experiments  includes  aerosol  counters,  meteorological 
instruments,  radiometers,  lidar,  satellite  remote  sensing,  polarisation  measurements,  thermal  imaging  and  IRST 
performance.  EOPACE  intensive  observational  periods  (lOPs)  took  place  in  April  and  November  1996,  both 
centered  around  San  Diego  Bay.  During  the  April  lOP,  an  air  mass  characterisation  experiment  was  also  conducted 
in  the  Los  Angeles  basin.  The  aerosol  plume  was  sampled  from  a  ship  providing  ground  truth  aerosol  particle  size 
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distributions  and  chemical  composition,  meteorological  data,  and  radiosonde  and  lidar  profiles,  while  aerosol 
optical  depth  was  retrieved  fi'om  satellite  data  (AVHRR).  The  first  surf  zone  experiments  were  conducted  in  San 
Diego,  off  Scripps  Pier,  in  January/February  1996,  and  in  Monterey  Bay  off  the  Moss  Landing  Marine  Institutes 
Pier  in  March  1996.  Long-range  transmission  was  measured  across  Monterey  Bay  over  a  22  km  path. 
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SUMMARY 

EOPACE  is  a  five  year  international  experiment  to 
improve  performance  assessment  for  electrooptical 
systems  operating  in  coastal  environments.  Initial 
results  concern  coastal  aerosols.  Aerosol  optical 
depths  in  the  marine  atmospheric  boundaiy  layer 
derived  from  sateUite  images  compare  well  with 
those  measured  directly  inside  the  layer.  Analysis  of 
mid  wave  infrared  transmission  at  low  altitude  above 
San  Diego  Bay  shows  a  constant  (30%)  attenuation 
due  to  molecules  and  a  variable  (0%  to  70%) 
attenuation  due  to  aerosols  and  refractive  focusing 
effects.  Extinction  coefiBcients  derived  fi‘om  aerosol 
particle  size  distributions  measured  in  the  air  above 
breaking  surf  show  that  aerosol  extinction  increases 
by  an  order  of  magnitude  as  the  ocean  surface  is 
approached  from  a  height  of  8  meters. 

LIST  OF  SYMBOLS 
L  Range  (km). 

m  Subscript  referring  to  molecules. 

N  Particles  per  unit  volume  (cm’^). 
p  Subscript  referring  to  particles. 

Q  Mie  eflBciency  factor. 
r  Particle  radius  (microns). 

X  Position  or  distance  (km), 

T  Optical  depth. 

Pp  Aerosol  extinction  coeflBcient  (km'*). 
k  Wavelength  (microns), 
r  Measured  transmission  (%). 

Tm  Molecular  transmission  (%). 
tp  Aerosol  transmission  (%). 

1.  EOPACE  OVERVIEW 
EOPACE  is  a  measurement  and  analysis  program  to 
improve  performance  assessment  for  electrooptic 
weapon  and  sensor  ^sterns  operating  in  coastal 
environments  [1].  The  measurement  campaign, 
which  began  in  January,  1996,  is  being  conducted  in 
the  California  coastal  region  by  participants  from 
NATO  countries.  Coastal  conditions  may  differ 
significantly  from  those  in  the  open  ocean  and  have 


not  yet  been  fully  characterized.  The  climate  of  the 
California  region  is  similar  to  that  of  other 
interesting  regions,  such  as  the  Mediterranean  Sea, 
and  represents  an  excellent  example  of  a  littoral 
environment. 

The  specific  objectives  of  EOPACE  are:  (1)  to  assist 
in  the  development  of  mesoscale  and  data 
assimilation  models,  (2)  to  evaluate  the  performance 
of  EO  systems  in  coastal  regions,  and  (3)  to 
investigate  coastal  aerosols. 

The  key  feature  of  EOPACE*  is  its  long  observation 
period,  one  to  two  years,  interspersed  with  several 
intensive  operational  periods  lasting  two  to  three 
weeks  each.  Long  term  observations  increase  the 
chance  of  encountering  a  full  range  of  atmospheric 
conditions.  EOPACE  wiU  provide  the  database  for 
mesoscale  model  development  and  evaluation.  The 
performance  of  EO  systems  will  be  evaluated  fi-ora 
measurements  and  studies  of  targets  and 
backgrounds,  polarization  effects,  IRST  and  FLIR 
performance,  and  tactical  decision  aids.  For  the 
coastal  aerosol  study,  measurements  will  support  the 
investigation  of  surf  production  of  aerosols, 
characterization  of  coastal  air  masses,  and 
characterization  of  near  ocean  surface  transmission. 

2,  COASTAL  AIR  MASSES, 

The  goals  of  the  air  mass  characterization  effort  are: 
(1)  to  provide  a  database  for  initializing  and  testing 
the  mesoscale  coastal  aerosol  models  currently  under 
development,  (2)  to  determine  if  the  air  mass 
parameters  in  various  coastal  locations  can  be 
derived  fi*om  remotely  sensed  satellite  imagery,  (3) 
to  evaluate  the  optimum  satellite-derived  air  mass 
parameters  for  Navy  real-time  assessment  and 
dynamic  aerosols  models,  and  (4)  to  establish  the 
variability  of  aerosol  concentration  and  composition 
for  coastal  air  masses. 


*  Further  information  is  available  on  the  internet  at 
http://sunspot.nosc.mi1//543/eopace/eomain.html. 
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Figurel  Aerosol  optical  depth  in  the  marine  atmospheric  boundary  layer  off  the  coast  of  Southern  California 
inferred  from  visible  and  near  infrared  data  provided  by  the  NOAA  AVHRR  satellite.  The  large  numerals,  1  thorugh 
5,  refer  to  the  location  of  a  Piper  Navajo  aircraft  which  carried  equipment  capable  of  directly  measuring  the  aerosol 
size  distribution  within  the  boundary  layer.  The  white  line  is  the  track  of  the  research  vessel  Point  Sur  which  carried 
similar  instruments.  The  Point  Sur  measurements  are  not  discussed  in  this  paper. 


Figure  1  shows  the  coast  of  California,  stretching 
from  San  Diego  in  the  lower  right  hand  comer 
through  the  Los  Angeles  basin  to  Santa  Baibara  in 
the  upper  left  hand  comer.  Land  regions  are  blacked 
out.  Also  shown  in  black  are  islands  off  the 
California  coast.  The  shading  superimposed  on  the 
water  of  the  California  bight  represents  the  aerosol 
optical  depth 

T^{L')  =  \j^(x,X)dx  (1) 

whose  values  are  given  in  the  inset  on  the  left  hand 
side  of  the  figure.  The  aerosol  optical  depth  was 
derived  £*001  radiometric  measurements  transmitted 
by  the  NOAA  AVHRR  satellite  on  5  April,  1996,  at 
2205  GMT.  The  analysis  follows  the  Durkee 
retrieval  technique  [2, 3]  applied  to  satellite  channels 


1  (visible)  and  3  (mid  wave  infrared).  The  technique 
rests  [4]  on  three  assumptions;  (1)  that  the  boundmy 
layer  is  well  mixed,  (2)  that  optical  depth  is 
completely  determined  by  aerosol  extinction,  and  (3) 
that  the  amount  of  water  vapor  in  the  boundary  layer 
is  known  by  other  techniques.  The  optical  depths 
shown  in  figure  1  do  not  include  molecular 
absorption,  but  they  do  include  aerosol  scattering  in 
the  troposphere  and  the  marine  atmospheric 
boundary  layer.  It  is  assumed  that  aerosols  in  the 
marine  boundary  layer  provide  the  major 
contribution  to  these  data. 

On  the  same  day,  a  twin  engine  Piper  Navajo  aircraft 
carrying  a  forward  scattering  spectrometer  probe  [5] 
executed  vertical  spiral  patterns  at  locations  given  by 
the  large  numerals  in  figure  1.  The  probe  measures 
the  aerosol  particle  size  distribution,  dN/dr.  From 


Table  1 

Aerosol  Optical  Depth 


Location 

Aircraft 

Satellite 

1 

0.073 

0.075 

2 

0.052 

0.085 

3 

0.063 

0.085 

4 

0.056 

0.075 

5 

0.072 

0.090 

these  data  the  extinction  was  calculated  from  Mie 
theoiy  [6]  using 

J**  dN 

,  7rr^Q^ix,X)—dr  (2) 

along  with  equation  (1). 

Table  1  compares  satellite  depths  with  aircraft 
depths.  In  all  cases  the  aerosol  depth  measured  by 
the  aircraft  inside  the  boundaiy  layer  is  close  to,  but 
slightly  less  than,  the  satellite  derived  optical  depth. 
This  is  to  be  expected  if  tropospheric  aerosols 
represent  the  small  excess  of  satellite  over  aircraft 
optical  depths. 

3.  LOW  ALTITUDE  TRANSMISSION. 

The  goal  of  the  near  ocean  surface  transmission 
characterization  is  to  quantify  infrared  propagation 
characteristics  for  the  mid  wave  (3-5  micron)  and 
long  wave  (8-12  micron)  bands  for  transmission 
close  to  the  surface  of  the  ocean,  and  to  determine 
the  measurable  meteorological  parameters  near  the 
ocean  surface  by  which  IR  transmission  may  be 
estimated. 

Continuous  mid  wave  infrared  transmission  has  been 
measured  close  to  (several  meters  above)  the  ocean 
surface  over  a  two  week  period.  The  transmission 
range  [1]  extended  6998  m  from  a  transmitter 
located  at  Coronado,  California,  to  a  receiver  located 
at  Point  Loma,  California,  on  a  bearing  of  255.9° 
true.  The  transmitter  consisted  of  a  1000  K  glower 
placed  in  the  focal  plane  of  a  20  cm  diameter  F/6 
paraboloidal  mirror  coated  with  aluminum.  The 
source  was  chopped  at  960  Hz.  The  transmitter  was 
mounted  3.41  m  above  mean  sea  level  on  the  stable 
platform  shown  in  figure  2.  The  receiver  consisted  of 
a  3  mm  square  InSb  detector  placed  in  the  focal 
plane  of  an  identical  mirror  at  an  altitude  of  3.04  m 
above  mean  sea  level.  A  room  temperature  optical 
filter  with  a  pass  band  of  3.4  to  4.0  microns  was 


placed  in  front  of  the  detector.  The  mid  wave  signal 
was  detected  by  a  lock-in  amplifier  which  received  a 
reference  signal  transmitted  fi'om  the  source  by  a 
radio  operating  at  160.1  MHz. 


Figure  2.  The  transmitter  located  at  the  Naval 
Amphibious  Base  at  Coronado. 

Prior  to  field  deployment,  the  equipment  was 
calibrated  in  the  laboratory  with  the  same  settings  as 
those  used  in  the  field.  By  correcting  the  laboratory 
signal  for  inverse  square  law  fall-off,  a  full  range 
firee  space^  signal  of  6.32  ±  1.90  mV  was  obtained. 
In  the  field  the  time  constant  of  the  lock-in  was  1  s 
with  a  roll-off  of  12  dB/octave  and  the  average  of  6 
consecutive  readings,  each  separated  by  10  s,  was 
recorded  every  minute  in  a  computer.  With  these 


^  By  “free  space”  we  mean  what  would  loosely  be 
thought  of  as  “100%  transmission”.  The  correction 
assumes  a  source  imderfilling  the  detector  field  of 
view  at  full  range,  no  atmospheric  absorption,  no 
refractive  ray  bending,  and  no  refractive  focusing. 
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Julian  Day  (Local  Time) 


Figure  3.  Meteorological  and  transmission  data  measured  along  a  7  km  path  across  San  Diego  Bay  during  13  days 
in  April  1996.  (i)  Difference  between  air  and  sea  temperatures  measured  at  the  mid  path  buoy,  (ii)  Altitude  of  optical 
path  above  the  ocean  surface  at  the  mid  path  buoy  assuming  no  refraction  (i.  e.,  a  straight  line  path  between 
transmitter  and  receiver),  (iii)  Lower  curve;  measured  mid  wave  infrared  transmission.  Upper  curve;  clear  air 
(molecular)  transmission  predicted  by  MODTRAN2  from  the  temperature  and  relative  humidity  at  the  mid  path 
buoy,  (iv)  Curve;  ratio  of  results  in  figure  (iii).  Solid  circles;  aerosol  transmission  inferred  from  particle  size 
distribution  measured  from  a  small  boat  traversing  the  7  km  path. 


settings,  the  detector  noise  was  3  (0.05  %  of  free 

space).  The  sensitivity  of  the  system  in  the  field  was 
limited  by  turbulent  fluctuations  of  the  signal  which 
were  observed  to  be  on  the  order  of  0.6  mV  (10%  of 
free  i^ace). 

Transmission  and  meteorological  data  from  this 
experiment  are  shown  in  figure  3  for  a  13  day  period 
in  April  1996.  The  uppermost  curve  is  the  difference 
between  air  and  sea  temperatures  at  a  buoy  located  in 
San  Diego  Bay  at  the  middle  of  the  transmission 
path.  The  sea  temperature  remained  almost  constant, 
so  this  curve  reflects  normal  diurnal  temperature 
variations  in  a  coastal  region.  The  increased 


amplitude  in  the  middle  of  this  curve  resulted  from  a 
Santa  Ana  weather  condition  which  took  place  on 
days  96,  97,  and  98.  The  next  curve,  figure  3  (ii),  is 
the  height  of  the  optical  signal  above  the  ocean  at 
mid  path  assuming  free  i^ace  conditions,  i.e.,  a 
straight  line  path  between  transmitter  and  receiver. 
The  height  variation  is  due  to  the  tide.  Transmission 
measurements  for  the  mid  wave  infrared  band  are 
shown  by  the  lower  curve^  in  part  (iii)  of  figure  3. 

^  Sections  of  the  this  curve  which  change  abruptly  to 
zero,  for  example  at  day  92.5,  are  artifacts  due  to  the 
detector  nmning  out  of  liquid  nitrogen. 
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The  upper  curve  in  part  (iii)  is  the  clear  air'* 
transmission  that  would  be  expected  under  the 
conditions  of  pressure,  temperature,  and  relative 
humidity  observed  each  minute  at  the  mid  path  buoy. 
Those  times  when  the  measurements  exceed  the 
clear  air  result  can  be  explained  either  by  the 
absolute  accuracy  of  the  measurement  (±  30%)  or  the 
presence  of  refractive  focusing  effects.  Molecular 
effects  were  removed  by  applying  the  left  hand 
equality  of 

r,  =  —  »  ■  l}  (3) 

X 

m 

to  the  measured  data,  resulting  in  the  curve  shown  in 
part  (iv)  of  figure  3. 

The  solid  circles  in  figure  3  (iv)  represent  the 
transmission  that  would  be  expected  on  the  basis  of 
aerosol  effects  alone.  These  data  were  measured  by 
transporting  a  forward  scattering  spectrometer  probe 
[5]  in  a  small  boat  inbound  (that  is,  from  the 
transmitter  to  the  receiver)  along  the  over-water 
portion  of  the  7  km  range.  The  inbound  trip  took 
about  30  minutes,  and  the  aerosol  size  distribution 
was  integrated  for  the  entire  inbound  path^.  A 
representative  inbound  spectrum  is  shown  in  figure 
4.  Applying  equations  (2)  and  (1)  to  data^  such  as 
those  shown  in  figure  4  for  a  wavelength  of  3.5 
microns  resulted  in  the  solid  circles  shown  in  figure 
3  (iv). 


^  By  “clear  air^  is  meant  the  transmission  due  solely 
to  molecular  absorption  and  scattering  with  no 
aerosol  or  refiactive  focusing  effects  taken  into 
account.  This  curve  was  calculated  using 
MODTRAN2  without  the  subroutine  “Fudge”,  a 
procedure  whose  result,  for  a  single  typical  vine  of 
temperature  and  relative  humidity,  was  within  2%  of 
the  MODTRAN3  calculation. 

^  Outbound  data  were  taken  but  not  used  because 
they  were  compromised  by  the  prevailing  wind, 
which  tended  to  blow  aerosols  from  the  diesel 
exhaust  toward  the  bow  of  the  boat  where  the  aerosol 
spectrometer  was  mounted. 

^  The  integral  in  equation  (2)  was  truncated  at  a 
radius  of  0.4  |im,  the  smallest  radius  for  which  data 
were  available.  The  neglected  particles  of  smaller 
radius,  while  undoubtedly  present  to  some  degree 
given  the  observed  visibility  of  15  km,  are  not  so 
numerous  as  to  substantially  alter  the  extinction  at 
3.5  |xm  because  of  their  small  size  with  respect  to 
that  wavelength. 


Figure  4.  Aerosol  size  distribution  measured  inbound 
on  the  7  km  transmission  path  on  April  8,  1996.  The 
solid  line  is  a  fifth  order  polynomial  fit  to  the  data 
from  which  the  mid  wave  extinction  coefficient  was 
derived  using  Mie  theory. 

The  transmission  data  shown  in  figure  3  deserve  two 
comments.  First,  the  molecular  transmission 
remained  remarkably  constant:  the  mean  value  was 
72%  and  the  standard  deviation  was  1.6%  during  the 
entire  13  day  period.  This  is  no  doubt  due  to  the  fact 
that  the  molecular  transmission  depends  on  the 
specific  humidity,  the  number  grams  of  water  vapor 
per  unit  volume  of  the  atmosphere,  and  the  specific 
humidity  remains  relatively  constant  in  spite  of  wide 
variations  in  air  temperature  and  relative  humidity 
firom  one  day  to  the  next.  Second,  the  measured 
transmission  can  be  successfully  explained  by 
molecular  and  aerosol  effects  because  of  the 
agreement  (within  the  experimental  error)  between 
the  solid  circles  and  the  curve  in  figure  3  (iv). 
Nevertheless,  we  must  warn  that  refiactive  focusing 
and  mirages  will  contribute  substantially  to  any 
signal  such  as  this  one,  observed  at  low  altitudes 
over  land  or  sea,  and  such  contributions  have  yet  to 
be  analyzed  for  these  data. 

We  close  this  section  by  noting  that,  in  comparing 
the  aerosol  data  fi'om  the  boat  with  the  transmission 
data,  we  have  made  use  of  Beer’s  Law,  the  right 
hand  equality  of  equation  (3).  Beer’s  Law  holds  for 
aerosols  because  of  their  smooth  spectral  behavior, 
but  it  does  not  hold  either  for  the  measured 
transmission,  the  numerator  of  equation  (3),  or  the 
molecular  transmission,  the  denominator  of  equation 
(3),  because  of  their  rapidly  varying  spectral 
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behavior^.  Hence,  of  the  transmission  results  shown 
here,  only  the  aerosol  data  can  be  extrapolated  to 
other  ranges;  the  clear  air  and  measured  data  cannot. 

4.  SURF  PRODUCTION  OF  AEROSOLS 
The  goals  of  the  aerosol  surf  production  effort  are  (1) 
to  determine  the  impact  of  surf-generated  aerosols  on 
visual  and  infrared  extinction  in  coastal 
environments,  and  (2)  to  evaluate  the  measurable 
meteorological  and  physical  oceanographic 
parameters  of  a  surf  zone  by  which  surf  aerosol 
production  may  be  estimated. 

The  role  of  surf  generated  aerosols  has  been 
investigated  by  measuring  aerosol  size  distributions 
in  the  atmosphere  close  (several  meters)  above 
breaking  waves.  A  forward  scattering  spectrometer 
probe  [5]  was  again  used  to  measure  the  aerosol  size 
distribution,  this  time  by  being  placed  in  a  box  which 
was  suspended  from  the  pier  at  the  Scripps  Institute 


Figure  5.  The  Instrumented  box  could  be  suspended 
at  varying  heights  above  the  surf  for  aerosol  and 
supporting  meteorological  measurements. 


of  Oceanography  at  fixed  heights  above  the  ocean 
surface.  Figure  5  is  a  photograph  of  the  box,  which 
also  contained  aerosol  rotorods  and  standard 
meteorological  instruments  for  measuring 
temperature,  wind  speed,  and  relative  humidity. 
Typical  integration  times  spent  at  each  height  were 
30  minutes,  resulting  in  particle  size  distributions 
similar  to  that  shown  in  figure  4.  Following  the 
procedure  involving  equations  (1)  and  (2)  which  has 


’  The  spectral  integral  of  a  rapidly  varying  spectrum 
does  not  obey  Beer’s  Law,  even  though  it  might  be 
obeyed  at  each  wavelength  in  that  spectrum,  for  the 
same  reason  that  the  sum  of  two  different 
exponentials  is  not  equivalent  to  a  single 
exponential. 


already  been  described,  the  extinction  coefficient  at 
four^  different  optical  wavelengths  shown  in  figure  6 
were  derived.  The  spectral  dependence  of  these 
curves,  which  always  show  a  maximum  at  3.5  pm,  is 
consistent  with  supplemental  data,  not  included  here, 
showing  that  the  concentration  of  surf  aerosols 
reached  a  peak  for  radii  between  1  and  10  pm  and  so 
would  be  most  influential  near  3.5  pm.  The  height 
dependence  of  these  curves  show  that,  as  the 
breaking  waves  on  the  surface  of  the  ocean  are 
approached  from  the  initial  altitude  of  8  m,  the 
visible  and  infrared  extinction  increase  by  almost  an 
order  of  magnitude.  Since  aerosol  transmission 
follows  Beer’s  Law  and  thus  depends  exponentially 
on  extinction,  these  data  demonstrate  a  large 
influence  of  surf  aerosols  on  electrooptic  systems  in 


Height  above  Water  (m) 


Figure  6.  Extinction  coefficient  at  three  optical 
wavelengths  as  a  function  of  altitude  above  the 
ocean  surface. 

coastal  environments. 

5.  CONCLUSION 

Electrooptical  systems  operating  in  coastal 
environments  are  subject  to  varied  and  complex 
atmospheric  conditions  which  can  change  rapidly. 
EOPOACE  is  a  five  year  field  experiment  designed 
to  gather  information  ^ut  the  coastal  environment 
in  the  Southern  California  bight  Initial  results 
concern  coastal  aerosols.  Satellite  data  on  aerosol 
optical  depth  in  the  marine  atmospheric  boundary 
layer  have  been  correlated  with  airborne  aerosol  size 

®  The  data  at  1.06  pm  overlapped  the  data  at  0.55 
pm  to  within  the  experimental  error  and  have  been 
removed  from  the  figure  for  clarity. 
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distributions  measured  at  the  same  time  directly 
within  the  boundary  layer.  Mid  wave  infrared 
transmission  measurements  made  along  a  7  km  path 
several  meters  above  the  sur&ce  of  San  Diego  Bay 
are  consistent  with  the  hypothesis  that  aerosols  and 
molecules  determine  the  transmission  behavior. 
Aerosol  size  distributions  at  fixed  altitudes  close 
above  breaking  surf  predict  an  order  of  magnitude 
increase  in  optical  extinction  as  the  ocean  surface  is 
approached. 
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Introduction 

Helicopter  FLIR  systems  are  used  for  detection  and  observation  of  ship  targets  in  support  of  a  variety  of 
coastal  naval  operations.  The  coastal  environment  is  complex  with  large  scale  conditions  strongly 
modified  by  local  variations  of  topographic  and  sea  surface  conditions.  The  ambient  atmosphere  is  often 
stratified  with  different  atmospheric  layers  characterized  by  substantially  different  moisture  and  signal 
propagation  conditions.  These  conditions  can 
strongly  affect  tactical  operations. 

This  report  describes  the  detection  of  a  destroyer 
target  by  a  standard  helicopter  FLIR  during 
operational  exercises  in  the  Arabian  Gulf.  The 
observations  show  the  detection  range  to  be 
dependent  on  approach  altitude,  first  increasing  , 
then  decreasing  as  altitude  increases.  This 
results  suggests  that  the  tactical  user  may  have  an 
optimal  altitude  for  maximum  detection  range 
during  FLIR  operations.  The  altitude  is 
potentially  dependent  on  tlie  characteristics  of  tlie 
target,  tlie  sensor,  and  the  intervening 
atmosphere.  We  have  developed  a  closed  form  Figure  1.  Detection  range  of  destroyer  using  FLIR 
model  of  detection  range  in  a  stratified  imager, 

atmosphere.  This  model  is  used  to  describe  the 

sensitivity  of  FLIR  extinction  to  stratification  and  extinction  characteristics  of  the  atmosphere. 


Observations 

Structured  FLIR  detection  runs  were  conducted  during  the  SHAREM  115  exercise  in  the  central  Arabian 
Gulf  on  23  and  24  April,  1996.  A  UH  60B  helicopter  was  deployed  with  a  standard  FLIR  imager  during 
the  exercise.  FLIR  performance  was  evaluated  with  a  Spruance  class  destroyer,  USS  Caron,  as  a 
detection  target.  The  destroyer  moved  at  a  steady  speed  of  5  knots  to  the  northwest.  The  helicopter 
approached  tlie  destroyer  first  from  starboard  and  then  from  the  stem  at  different  altitudes,  ranging  from 
200  to  1500  ft.  At  each  altitude,  tlie  helicopter  would  move  away  from  the  ship  until  the  ship  could  no 
longer  be  seen  on  the  video  screen.  The  helicopter  would  the  approach  the  ship  until  the  target  could  be 
recogmzed  as  a  warship.  Detection  was  determined  when  the  yardarms  of  tlie  ship  were  distinguishable. 
Range  was  found  from  the  ship  radar,  which  provided  ground  range,  the  distance  on  the  surface  between 
the  ship  and  the  spot  on  the  ocean  directly  under  tlie  helicopter.  This  procedure  was  completed  for 
altitudes  witli  first  a  starboard  approach,  followed  by  a  stem  approach. 
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The  resulting  ranges  are  shown  in  Figure  1  for  tlie  starboard  and  stem  approaches.  In  general,  tine 
starboard  approach  had  a  longer  detection  range  than  tlie  stem  approach.  This  is  obviously  expected  since 
the  perceived  cross  section  of  tlie  ship  is  greater  in  a  beam  approach.  Both  approaches  showed  a 
consistently  longer  detection  range  at  an  altitude  of  1000  ft  with  a  significantly  reduced  range  at  1500  ft. 
The  observation  of  longer  ranges  at  1000  ft  was  substantiated  by  the  helicopter  pilots  in  debriefs  after  each 
flight.  The  reason  for  this  observation  was  not  clear.  It  was  conjectured  that  this  could  simply  be  due  to 
the  geometry  of  the  approach,  to  the  stmcture  of  the  intervening  atmosphere,  or  to  the  characteristics  of 
the  target  or  the  sensor.  To  evaluate  these 
possibilities  a  model  was  built  which  included 
these  effects. 

Extinction  Model 

The  effect  of  atmospheric  stratification  on  tlie 
extinction  was  modeled  with  a  simple  profile  of 
atmospheric  extinction  .  The  atmosphere  is 
assumed  to  consist  of  two  layers;  a  lower  layer  of 
high  extinction,  and  an  upper  layer  of  less 
extinction.  This  corresponds  to  the  mixed  layer 
models  (Deardorff  1976,  Roll,  1965,  Hsu,  1988). 

The  vertical  behaviour  is  described  using  a 
parametrization  of  Moore(1991),  originally 
applied  to  horizontal  variation  of  sea  surface 
temperature,  but  found  to  be  reasonably  useful 
for  this  application.  This  parametrization  has  Figure  2.  Extinction  coefficient  model  for  different 
the  advantage  of  not  only  describing  the  vertical  parameter  values, 

profile  reasonably  well,  but  also  of  being 

integrable.  The  vertical  profile  of  tlie  extinction  coefficient ,  k(z),  is , 


1  15  2  25  3  as  4  45 
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where  ksfc,  kaiofiare  the  surface  and  aloft  volume  extinction  coefficients  respectively,  z  is  altitude,  z\  is  tlie 
altitude  of  center  of  tlie  transition,  and  Ze  is  the  depth  of  the  transition  zone.  An  example  of  the 
dependence  of  the  volume  extinction  coefficient  for  different  parameter  values  is  shown  in  Figure  2. 

The  total  extinction  over  a  slant  patli  S,  from  the  surface  to  a  given  altitude  Z  is 


(2) 


where  p  is  the  depression  angle  from  the  horizontal  at  the  sensor.  For  a  given  altitude  and  depression 
angle,  tlie  total  optical  extinction  can  be  evaluated  in  closed  form  as. 
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The  detection  range  is  defined  for  our  purposes  as  tliat  range  where  the  total  optical  depth  exceeds  a  given 
threshold.  A  common  criterion  is  the  5%  contrast  tlireshold  (Lloyd,  1975),  where  tlie  detection  range  is 
defined  as  the  separation  where  total  loss  of  signal  is  5%,  or. 


R  = 


3,912 

a 


(4) 


Altitude(m) 


Using  the  range  model  defined  by  equations  (1) 
and  (2),  tlie  calculated  optical  depth  for  a  given 
range,  R,  is  obtained  as  a  fimction  of  altitude  for 
different  horizontal  ranges  between  target  and 
detector.  For  a  detector  directly  overhead  (R=0), 
the  extinction  increases  most  rapidly  in  the 
lower  layer,  and  then  decreases  more  slowly  in 
the  upper  layer.  At  any  value  of  range,  tlie 
extinction  increases  as  a  fimction  of  altitude  in 
the  lower  layer,  but  then  decreases  in  the  lowest 
part  of  the  upper  layer.  This  occurs  because  a 
part  of  the  slant  path  in  the  lower  layer  is 
replaced  by  part  of  the  path  being  in  the  upper 
layer,  decreasing  the  total  extinction.  The 
altitude  dependence  of  the  optical  depth  is 
shown  for  several  values  of  ground  range  in 
Figure  3. 


Figure  3.  Optical  depth  as  function  of  range  for  -n,^  ^  a 

,  _J  .  *  The  detection  range  also  depends  on  the  cross 

several  surface  range  values.  „  ,•  ,  .  j .  .. 

^  sectional  area  of  the  target  presented  to  the 

detector.  For  a  target  of  significant  width,  the 
presented  area  thus  increases  with  altitude  to  a  maximum,  and  then  decreases.  In  tliis  model,  tlie  optical 
depth  required  for  detection  is  scaled  by  the  ratio  of  presented  area  at  a  particular  depression  angle  to  tlie 
presented  area  at  the  surface.  For  a  target  of  width  W,  length  L,  and  height  H,  the  effective  cross  section 
at  a  depression  angle  0  is  given  by 


a  =  cro 


H  cos  ^  sin  ^ 
_ 


(5) 


Sensitivity 

The  model  of  equations  (3)  and  (4)  is  used  to  describe  the  sensitivity  of  the  detection  range  to  the  details 
of  atmospheric  structure  and  to  the  characteristics  of  the  sensor.  The  most  general  characteristic  of  the 
detection  range  behaviour  with  altitude  is  that  as  altitude  increases,  range  increases  because  of  the 
increased  presented  area.  As  the  altitude  increases  farther,  the  range  starts  to  decrease  because  of  the 
increase  in  total  optical  depth  from  the  increased  altitude.  This  general  behaviour  is  modified  by  the 
stratification,  the  difference  between  surface  and  aloft  extinction,  and  the  sensitivity  of  the  detector. 
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The  dependence  on  kind  of  stratification  is  seen 
from  the  change  in  Ze,  tlie  deptli  of  the  transition 
zone.  The  gradual  stratification  is  accompanied 
by  a  more  abrupt  increase  in  range  at  the 
transition  zone.  The  range  also  exliibits  a 
maximum  with  height,  but  the  abrupt 
stratification  exhibits  a  slightly  longer  detection 
range.  This  is  due  to  the  shorter  path  in  the 
high  extinction  zone  for  the  abrupt  stratification 
by  comparison  to  the  smoother  profile.  The 
dependence  on  stratification  is  shown  in  Figure 
4. 

The  dependence  on  surface  extinction  is  shown 
in  Figure  5.  With  higher  surface  extinction,  the 
detection  range  shows  a  pronounced  maximum 
in  the  range.  With  a  lower  extinction,  tlie 
profile  is  more  difiuse,  without  a  clear 
maximum  in  range  with  altitude. 

The  dependence  on  receiver  sensitivity  can  be 
shown  by  varying  the  optical  depth  necessaiy  for 
detection.  Figure  6  shows  the  changes  as  tliis 
optical  depth  is  changed  by  30%.  The  less 
sensitive  receiver  has  a  more  pronounced 
maximum  in  range  with  altitude.  The  more 
sensitive  receiver  has  less  altitude  dependence, 
with  a  range  of  altitudes  where  the  range  is  not 
changing  significantly. 

Conclusions 

The  optimal  choice  of  altitude  for  using  a  FLIR 
sensor  depends  on  tlie  environment,  as  well  as 
operational  and  equipment  conditions.  The 
geometry  of  the  detection,  determined  by  the 
size  of  target,  separation  of  target  and  sensor, 
and  the  sensitivity  of  tlie  sensor  are  generally 
modified  by  the  specifics  of  the  intervening 
atmosphere.  Operational  observations  and 
theoretical  modeling  indicate  tliat  atmospheric 
stratification,  strength  of  extinction,  and  the 
sensitivity  of  the  sensor  modify  the  optimal 
altitude  for  best  system  performance.  The  model 
shows  that  the  stratification  of  the  atmosphere 
modifies  the  optimal  altitude  by  increasing  the 
best  altitude,  but  resulting  in  a  longer  altitude 
range  than  an  imstratified  profile.  The  relative 
volume  extinction  at  tlie  surface  and  aloft  affect 
tlie  shape  of  the  detection  range  profile.  Witli  a 
higher  surface  extinction,  the  optimal  detection 
range  is  restricted  to  a  smaller  range  of  altitudes 
by  comparison  to  tlie  lower  surface  extinction. 
Sensor  sensitivity  exhibits  similar  results,  in  that 


Altitude  (m) 


Figure  4,  Vertical  detection  range  profile  for  slight 
and  strong  stratification.  Range  scale  is  in  non- 
dimensional  units. 

Altitude  (m)  ' 


Figure  5.  Detection  range  dependence  on  surface 
extinction  (expressed  as  range). 
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Figure  6.  Detection  range  profiles  for  different 
receiver  sensitivities. 
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tlie  more  sensitive  system,  has  a  less  well  defined  optimal  altitude  than  the  less  sensitive  system. 

Acknowledgments 

Tliis  work  has  been  sponsored  by  the  Oceanographer  of  the  Navy  (OP-096)  through  the  supported  by  the 
Space  and  Naval  Warfare  Systems  Command  PMW-185,  program  element  0603207N.  The  author  would 
like  to  thank  CDR  Tim  Sheridan  for  support  of  the  work  and  Mr.  Patrick  Jackson  and  LCDR  Gene  Nissen 
for  cooperation  and  support  during  the  SHAREM  exercise. 


References 

Deardorff,  J.W.,  1976;  "On  the  entrainment  rate  of  a  stratocumulus-topped  mixed  layer,"  Quart  J.  R.  Met. 
Soc.,  102,  563-582. 

Hsu,  S.  A.,  1988:  “Coastal  Meteorology,”  Academic  Press,  New  York.  260  pp. 

Lloyd,  J.  M.,  1975:"Thermal  Imaging  Systems,”  Plenum  Press,  New  York,  456  pp. 

Moore,  G.  W.  Kent,  1991:"Frontogenesis  in  the  presence  of  surface  heating,"  J.  Atmos.  Sci.  48,  63-75. 
Roll,  H.  U. ,  1965:  “Physics  of  the  Marine  Atmosphere,”  Academic  Press,  New  York,  276  pp. 


215 


Remote  Sensing  of  Coastal  Atmosphere  EM/EO  Conditions 


Kenneth  L.  Davidson,  Carlyle  H-  Wash  and  Mary  S.  Jordan 

Department  of  Meteorology 
Naval  Postgraduate  School 
589  Dyer  Rd.,  Room  254 
Monterey,  CA  93943-51 14,  USA 
Phone:  408-656-2309  Fax:  408-656-3061 
davidson@nps.navy.mil 


SUMMARY 

Coastal  region  Marine  Atmospheric  Boundary  Layer 
(MABL)  EM/EO  properties  vary  dramatically  over 
short  distances,  10-30  km.  The  properties  are  affected 
by  the  vertical  gradients  of  temperature  and  humidity 
from  the  surface  to  the  top  of  a  capping  inversion.  They 
are  also  affected  by  locally  produced  and  advected 
aerosol.  Remote  sensing  offers  a  desirable  approach  to 
estimate  variations  of  the  MABL,  such  as  its  depth  and 
moisture  content,  which  affect  these  properties.  A 
multispectral  approach  using  visible  and  infrared  data  is 
tested  to  indirectly  estimate  the  depth  of  the  MABL, 
aerosol  optical  depth,  surface  moisture,  and  sea-surface 
temperature.  Remote  data  describe  high  resolution 
horizontal  and  temporal  variations,  important  in  the 
coastal  regions,  but  not  described  by  point  measured 
data.  The  technique  has  been  tested  with  data  from 
recent  exercises  and  field  experiments.  The  technique 
was  applied  to  cases  off  the  southern  California  coast  in 
August  1993  (VOCAR)  and  in  the  Arabian  Gulf  and 
Gulf  of  Oman  in  February  1995  (SHAREM  110),  and 
compared  to  in  situ  measurements  of  the  coastal  MABL 
from  aircraft,  ship  and  shoreline  stations.  Limitations  of 
the  approach  due  to  sun  glint,  continental  aerosols  and 
more  complex  MABL  structures  are  also  discussed. 

1.  INTRODUCTION 

Knowledge  of  the  characteristics  of  the  marine 
atmospheric  boundary  layer  (MABL)  is  critical  to  large 
scale  investigations  of  air-sea  interactions  as  well  to 
coastal  analysis  and  prediction.  Coastal  region  MABL 
structures  vary  dramatically  over  short  distances,  10-30 
km.  The  height  of  the  MABL  is  a  feature  of  interest  in 
several  applications.  For  example,  it  is  the  location  of 
elevated  trapping  layers  affecting  radio/radar  waves.  It 
is  also  the  upper  limit  for  mixing  volume  of  pollution 
arising  from  shoreline  activities.  The  depth  of  the 
MABL  may  be  quite  variable  in  coastal  regions  because 
it  is  influenced  by  both  synoptic  scales  meteorological 
and  local  coastal  circulations.  In  either  case,  horizontal 
variations  occur  in  both  the  height  of  the  MABL  and 
strength  of  the  capping  inversion. 


Conventional  means  of  in  situ  measurement  are 
necessarily  limited  due  to  the  lack  of  vertical  profile 
measurements  over  the  coastal  ocean.  Methods  using 
satellite  atmospheric  soundings  are  limited  by  the  broad 
weighting  functions  resulting  in  poor  resolution  of  the 
sharp  temperature  and  moisture  gradients  at  the  top  of 
the  MABL.  Therefore,  the  further  development  of 
satellite-based  MABL  characterization  methods  to 
estimate  variations  of  the  MABL,  such  as  its  depth  and 
relative  moisture  content,  are  valuable  both  for  regional 
and  global  scale  studies. 

This  paper  describes  an  indirect  method  to  obtain 
MABL  descriptions  for  clear  regions  by  balancing  the 
estimates  of  aerosol  optical  depth  and  the  total  water 
vapor  with  a  relationship  between  relative  humidity  and 
radiative  extinction.  This  method  is  referred  to  as  the 
multispectral  approach.  The  method  estimates  MABL 
height  and  moisture  variables  in  the  well-mixed 
boundary  layer.  First,  the  technique  is  presented 
followed  by  an  evaluation  during  the  Variability  of 
Coastal  Atmospheric  Refraction  (VOCAR)  experiment 
during  August/September  1993.  Then  results  from 
other  cases  from  the  Persian  Gulf  and  coastal  Central 
California  are  discussed. 

2.  MULTISPECTRAL  METHOD 

The  method  described  here  relies  on  previously 
developed  techniques  for  estimating  aerosol  optical 
depth  and  total  column  water  vapor.  Aerosol  optical 
depth  techniques  have  been  developed  by  Refs  1 ,  2  and 
others.  This  study  uses  the  red-visible  radiance 
measurements  of  the  NOAA  AVHRR  (channel  1  &  2) 
and  their  direct  relation  to  aerosol  optical  depth  (Ref  2). 
Also,  several  techniques  have  been  developed  to  detect 
atmospheric  water  vapor  variations  from  satellite 
measurements  (Refs  3  and  4).  The  method  used  here 
follows  Ref  4  that  relates  total  column  water  vapor  to 
the  difference  between  the  split  window  brightness 
temperatures  from  the  NOAA  AVHRR  sensor  (channel 
4  and  5).  Since  both  estimates  are  derived  from  the 
same  sensor,  the  boundary  layer  estimates  described 
below  can  be  derived  from  a  single  data  source. 
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Three  assumptions  about  the  marine  boundary  layer  and 
vertical  profile  of  extinction  and  water  vapor  are  needed 
to  relate  optical  depth  and  column  water  vapor  to 
MABL  depth  and  relative  humidity.  First  is  that  the 
MABL  is  well-mixed.  Second,  the  only  significant 
contribution  to  aerosol  optical  depth  results  from 
extinction  by  aerosols  in  the  MABL.  Finally,  the 
percentage  of  water  vapor  in  the  MABL  can  be 
estimated  from  in  situ  data  or  other  satellite 
measurements. 

Within  the  clear,  well-mixed  MABL,  potential 
temperature  and  specific  humidity/mixing  ratio  tend  to 
be  constant  with  height.  Adiabatic  mixing  due  to 
buoyancy  and  wind  shear  effects,  described  by  Ref  5 
and  others,  is  responsible  for  maintaining  these  well- 
mixed  profiles.  Fig,  1  illustrates  the  evolution  of  a  well- 
mixed  boundary  layer  using  a  time  series  of  ship- 
measured  rawinsonde  soundings  off  the  Southern 
California  coast.  Note  that  potential  temperature  is 
nearly  constant  with  height  in  the  boundary  layer. 
Mixing  ratio  (not  shown)  is  also  nearly  constant  with 
height  in  the  MABL.  The  multispectral  technique  takes 
advantage  of  these  simple  distributions  and  is  also 
based  on  the  well-known  relationships  between 
temperature,  saturation  vapor  density  and  relative 
humidity. 


Fig.  1.  Time  series  of  MABL  evolution  using  17  rawinsondes 
off  the  Southern  California  coast,  26-29  August  1993. 
Contours  of  virtual  potential  temperature  (K)  illustrate  the 
height  (m)  of  the  MABL. 

The  technique  further  assumes  that  aerosol  optical  depth 
at  the  red-visible  and  near-infrared  wavelengths  results 
from  particles  that  are  confined  primarily  within  the 
MABL.  If  this  assumption  is  true,  then  the  optical 
depth  in  the  red-visible  would  be  due  to  the  integrated 


effects  of  extinction  due  to  these  aerosols  in  the  MABL. 
Ref  6  describes  atmosphere  aerosol  distributions  and 
concludes  that  for  marine  particles,  absorption  is  small 
and  the  extinction  is  due  to  scattering.  This  extinction 
coefficient  is  a  function  of  the  cross  sectional  area  for  a 
given  particle  radius,  the  extinction  efficiency 
(dependent  on  the  complex  refraction  index  and  particle 
radius),  and  the  distribution  of  particles  by  radius. 
Variations  in  each  of  these  three  factors  produce 
corresponding  changes  in  extinction.  Ref  7  showed  that 
the  dominant  term  affecting  extinction  is  particle  size. 
Ref  (2)  developed  a  relationship  between  extinction  and 
relative  humidity  consistent  with  Ref  7.  This 
relationship  is  based  on  aircraft  measurements  of 
extinction  within  the  MABL  off  the  southern  California 
coast  in  1982. 

Satellite  estimates  of  optical  depth  and  column  water 
vapor  are  both  related  to  the  MABL  height  and 
moisture.  An  iteration  method  was  devised  to  solve  for 
the  MABL  height  and  surface  relative  humidity  for 
clear  regions  in  a  satellite  pass  using  the  AVHRR  data, 
Refs  8  and  9,  Sensitivity  estimates  using  a  model 
atmosphere  indicated  the  method  is  reliable  when  the 
MABL  satisfies  the  assumptions  of  the  technique.  Ref 

9. 

3.  VOCAR  RESULTS 

The  multispectral  approach  has  been  successfully 
applied  to  MABL  analyses  over  coastal  regions  of 
Northern  California  and  Southern  California  (Ref  10  & 
11)  and  the  Persian  Gulf  (Ref  12).  In  this  paper  we 
present  a  validation  of  the  technique  using  two  cases 
during  the  Variability  of  Coastal  Atmospheric 
Refractivity  (VOCAR)  experiment,  off  the  southern 
California  coast,  in  August-September  1993,  using 
rawinsondes  and  newly  available  aircraft  data  from 
Naval  Weapons  Test  Center,  Point  Mugu,  CA,  The 
initial  VOCAR  results  are  contained  in  the  thesis,  Ref 

10,  and  conference  presentations  at  the  1994  AGARD 
meeting.  Ref  1 1 . 

To  use  the  VOCAR  period  to  test  the  technique,  an 
estimate  of  the  percentage  of  the  water  vapor  in  the 
MABL  was  used.  This  is  an  important  improvement  to 
the  technique  for  climatological  regions  where 
significant  water  vapor  is  found  above  the  marine 
inversion. 

The  VOCAR  cases  presented  here  were  chosen  because 
each  was  a  clear  day  in  the  VOCAR  region  and 
rawinsondes  were  launched  within  30  minutes  of  the 
satellite  pass  time  at  seven  locations  (one  ship,  two 
island,  4  coastal  locations).  In  addition,  aircraft  data  are 
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now  available  providing  low-level  temperature  and 
moisture  profiles  between  the  coast  and  San  Nicolas 
(NSI)  and  San  Clemente  (NUC)  islands  within  two 
hours  of  the  satellite  overpass.  The  aircraft  flew  saw¬ 
tooth  vertical  profiles  between  75  m  and  825  m, 
penetrating  the  mixed  layer. 

The  two  cases  use  AVHRR  afternoon  satellite  passes  on 
consecutive  days,  26-27  August  1993.  In  each  case, 
there  is  significant  mid-tropospheric  water  vapor.  We 
computed  the  percentage  of  water  vapor  density  in  the 
MABL,  compared  with  the  total  from  the  surface  to  400 
mb,  for  all  rawinsonde  locations.  The  percentage, 
which  is  representative  of  the  MABL  throughout  the 
region,  is  14%  for  each  case.  These  cases  indicate  that 
the  multispectral  technique  will  work  when  significant 
amount  of  mid-tropospheric  water  vapor  is  present. 

Fig.  2  shows  the  multispectral  MABL  depth  analysis  for 
the  23:47  UT  26  August  1993  (4:47  piti  local)  NOAA 
AVHRR  satellite  pass.  The  dark  areas  indicate  that  the 
pixels  were  over  land,  are  clouds,  or  the  iterative 
method  did  not  converge  at  that  point.  The  rawinsonde 
observations  are  indicated  by  yellow  dots  on  the  image 
while  aircraft  profiles  are  denoted  by  white  dots. 

Fig.  2  also  shows  the  slope  of  the  MABL,  from  shallow 
values  to  the  West  (75  m)  to  deeper  values  along  the 
eastern  portion  of  the  coastal  region  (225  to  275  m). 
The  thicker  MABL  region  is  associated  with  warmer 
sea  surface  temperatures  (SST)  along  the  California 
coast  from  Point  Vincente  (PVN)  to  North  Island 
(NZY)  near  San  Diego.  The  range  of  SST  is  from  23  to 
24  C  in  the  warmer  area  to  16  to  18  C  south  of  Point 
Arguello  (PDR)  along  the  eastern  edge  of  the  California 
Current. 

Rawinsonde  and  aircraft  data  confirm  the  coastal 
MABL  and  SST  structure  indicated  by  the  mulispectral 
technique.  The  only  overwater  rawinsondes  are  from 
the  R/W  Point  Sur  (PSUR).  Data  from  one  rawinsonde 
launched  during  the  aircraft  flight,  26/2242  UT  (3:42 
pm),  and  another  launched  at  2332  UT  (4:32  pm),  near 
the  AVHRR  satellite  overpass  time,  are  used  to 
compare  with  the  multispectral  estimates  of  MABL 
depth.  The  rawinsonde  measured  MABL  depths  of  152 
m  and  148  m  compare  favorably  with  the  shallow  127 
m  satellite  estimate. 

Fig.  3  shows  the  multispectral  MABL  depth  analysis  for 
the  23:34  UT  27  August  1993  (4:34  pm  local)  NOAA 
AVHRR  satellite  pass.  Thin  stratus  clouds  developed 
to  the  west  of  San  Nicholas  Island  (NSI),  with  cloud 
patches  north  and  east,  which  reduced  the  clear  area  for 


the  multispectral  technique.  In  this  case,  the  MABL 
depth  is  significantly  deeper  (30-65  meters)  than  the 
previous  afternoon,  again  with  a  west-to-east  slope  of 
the  MABL.  Two  Point  Sur  rawinsondes  and  the  aircraft 
data  confirmed  a  25-65  meter  deeper  MABL  at  points 
along  nearly  coincident  aircraft  tracks  as  flown  the 
previous  day. 


hig.  2.  Multispectral  MAbL  aeptn  (m)  tor  z.i:4/  ui  20 
August  1993  NOAA  AVHRR  satellite  pass.  VOCAR 
rawinsonde  observations  are  devoted  by  yellow  dots  and 
aircraft  profiles  are  given  by  white  dots.  The  dark  areas 
indicate  the  pixels  were  over  land,  are  clouds,  or  the  iterative 
method  did  not  converge  at  that  point. 


Fig.  3.  As  in  Fig.  2,  Multispectral  MABL  depth  (m)  for  23:34 
UT  27  August  1993  NOAA  AVHRR  satellite  pass.  The  dark 
areas  of  nonconvergence  are  due  to  the  thin  stratus  clouds 
over  the  area  west  of  NSI,  with  cloud  patches  to  the  north  and 
east. 


219 


For  statistical  analysis,  we  compared  the  Point  Sur 
rawinsondes  and  aircraft  measurements  of  MABL 
height  and  virtual  potential  temperature  at  the  locations 
indicated  in  Figs.  2  and  3  with  the  corresponding 
multispectral  MABL  height  and  SST  estimates  for  each 
case.  Combining  the  cases,  we  have  24  data  points  for 
analysis.  Fig.  4  is  a  scatterplot  of  measured  MABL 
height  versus  satellite  estimates  of  MABL  height. 
Similarly,  Fig,  5  compares  the  virtual  potential 
temperature  from  rawinsonde  and  aircraft  data  with 
satellite-derived  SST.  The  statistical  information  is 
presented  in  Tables  1  and  2. 

Two  26  August  aircraft  soundings  in  the  lee  of  San 
Nicolas  Island  (NSI)  were  excluded  from  the  analysis 
because  the  MABL  appears  influenced  by  local  island 
effects.  Aircraft  soundings  on  27  August  were  excluded 
if  there  was  evidence  of  thin  stratus  clouds  in  the 
vicinity  of  the  sounding. 

For  both  cases,  the  aircraft  soundings  confirm  the 
distinct  gradient  in  MABL  height  and  SST  between  San 
Clemente  Island  (NUC)  and  San  Diego  (NZY).  The 
satellite  data  underestimates  the  depth  by  40  m,  but  the 
RMS  differences  are  less  than  46  m.  The  aircraft  virtual 
potential  temperatures  of  the  mixed  layer  fall  within 
1 .3C  of  the  satellite-derived  SST. 


100  120  140  160  180  200  220  240  260  280 

Aircraft  A  Rawinsonde  MABL  Depth  (m) 

Fig.  4.  Scatterplot  of  aircraft  and  rawinsonde  measured  and 
multispectral  satellite  estimates  of  MABL  depths  (m). 

Table  1. 

Comparison  of  Aircraft  versus  Multispectral 
MABL  Height 

BIAS  39.7  m 

RMS  differences  45.6  m 

Correlation  Coefficient  .8 1 6 


Aircraft  &  Rawinsonde  MABL  Temperature  (C) 


Fig.  5.  Scatterplot  of  aircraft  and  rawinsonde  MABL  virtual 
potential  temperature  (C)  and  satellite  estimates  of  SST  (C). 

Table  2. 

Comparison  of  Aircraft  MABL  Temperature 
versus  Satellite  SST 

BIAS  -0.59  C 

RMS  differences  1 .29  C 

Correlation  Coefficient  0.877 

4.  OTHER  VALIDATION  CASES  AND  METHOD 
LIMITATIONS 

The  multispectral  technique  has  been  applied  to  several 
other  coastal  data  sets  (Ref  1 2).  The  results  from  these 
cases  are  summarized  here  and  presented  in  more  detail 
at  the  conference. 

The  SHAREM  110  exercise  was  held  in  the  Persian 
Gulf  and  Gulf  of  Oman  during  the  period  of  6  to  18 
February  1995.  Rawinsondes  were  available  from  three 
ships  during  the  entire  period  while  aircraft  data  were 
available  on  five  days.  Due  to  the  geography  of  the 
Persian  Gulf,  the  atmosphere  is  never  completely  free 
from  land  influences.  However,  a  Shamel  occurred 
during  the  experiment  with  a  period  of  moderate 
northwest  winds  from  the  Northwest  along  the  axis  of 
the  Gulf.  This  flow  with  a  long  overwater  fetch 
satisfied  the  conditions  of  the  technique.  A  deep  well- 
mixed  MABL  developed  during  this  period  (10 
February).  The  MABL  depth  was  measured  to  be 
approximately  1000  meters  with  most  (83%)  of  the 
column  water  vapor  in  the  MABL. 

Table  3  presents  an  evaluation  for  this  case  from 
soundings  from  the  USS  David  R.  Ray  and  USNS  Silas 
Bent.  The  difference  between  the  sounding  and  satellite 
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estimate  was  near  50  meters  and  the  boundary  layer 
slope  was  correctly  determined  by  the  satellite  analysis. 
The  satellite  MABL  analyses  also  was  consistent  with 
the  cloud  top  temperature  of  some  boundary  layer 
cumulus  over  the  western  part  of  the  Gulf.  The 
multispectral  technique  proved  to  be  very  successful  in 
this  case  even  with  considerably  thicker  MABLs  than 
observed  in  VOCAR. 


Table  3 

MABL  Height  Comparisons  for  the  Persian  Gulf 
10  February  1995 


Multispectral 

Rawinsonde 

Difference 


D.R.  Ray 
1005  m 
1055  m 
50  m 


Silas  Bent 
1042  m 
1090  m 
48  m 


Other  SHAREM  and  coastal  California  cases  illustrate 
limitations  to  the  approach.  These  limitations  are  sun 
glint,  continental  aerosols  and  more  complex  MABL 
structures.  With  polar-orbiting  sun  synchronous 
satellites,  sun  glint  can  be  a  major  difficulty.  In 
conducting  these  validation  studies,  approximately  30% 
of  the  clear  (otherwise  usable)  passes  can  not  be 
analyzed  because  of  the  solar  reflection  from  the  sea 
surface.  This  problem  may  occur  less  frequently  when 
using  data  from  the  new  US  NOAA  geostationary 
satellites,  GOES-8  and  9. 


In  one  of  the  SHAREM  cases,  strong  off-shore 
continental  flow  with  significant  dust  caused  plumes  of 
elevated  optical  depth.  The  multispectral  technique  did 
converge  in  this  case  and  produced  MABL  analyses. 
However,  the  MABL  depth  was  hundreds  of  the  meters 
in  error  due  to  the  continental  influences  present.  This 
case  illustrates  that  situations  with  significant  off-shore 
transport  of  aerosols  need  to  examined  closely.  The 
plume-type  structure  of  the  optical  depth  and  MABL 
height  analyses  give  strong  indications  of  the  impact  of 
the  continental  aerosols. 


surface  but  may  be  tactically  relevant  to 
electromagnetic-electro-optical  propagation  and  other 
applications. 

5.  CONCLUSIONS 

We  have  described  the  evaluation  of  remotely  sensed 
estimates  of  mixed  layer  structure  at  and  above  the 
ocean  surface  in  coastal  regions  using  aircraft  data 
during  VOCAR  and  from  other  field  experiments.  Both 
successful  and  unsuccessful  cases  have  been  studied. 
The  multispectral  approach  has  accurately  mapped  the 
topography  of  the  MABL,  SST  and  optical  depth 
conditions  for  cases  from  coastal  Southern  California, 
Persian  Gulf  and  Central  California  coast.  The 
comparisons  with  aircraft  and  rawinsondes  show  the 
satellite  data  to  correctly  describe  the  MABL 
topography  and  agree  to  within  20%  with  in  situ 
observations.  The  method  can  be  applied  to  all  cases  of 
clear  skies.  However,  sun  glint,  continental  aerosols 
and  situations  with  complex  MABL  structures  can  not 
be  analyzed  with  this  approach  using  polar-orbiting 
satellite  data.  The  sun  glint  problem  should  occur  less 
frequently  with  the  new  US  geostationary  satellites. 
Future  studies  will  evaluate  this  source  of  multispectral 
data  for  MABL  studies. 
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ABSTRACT 

In  this  paper  a  physical  model  that  describes  the  relationship  between  the  optical  properties  of  the 
atmosphere  and  the  characteristics  of  an  imaging  system  is  suggested.  The  model  describes  how  different 
components  of  the  light  reaching  the  imaging  system,  after  passing  through  the  atmosphere,  are  detected  by  it. 
The  model  includes  the  effects  of  the  final  size  of  the  detector  elements  of  the  imaging  system  and  the 
dynamic  range  and  the  final  field  of  view  limits  of  the  imager.  It  is  found  that  for  common  imaging  systems 
(with  resolution  of  8bit  or  12bit)  working  in  general  atmospheric  conditions  (VlS^km),  the  processes  of 
atmospheric  scattering  and  absorption  hardly  contribute  to  spatial  blurring  of  the  recorded  images.  A  field 
experiment  was  carried  out  in  order  to  verify  the  predictions  of  the  suggested  model.  The  measurements  were 
performed  using  a  scanning  point  radiometer,  while  a  local  meteorological  station  and  a  visibility  meter 
measured  the  properties  of  the  atmosphere.  Theoretical  predictions,  which  were  accomplished  by  using  a 
Monte-Carlo  simulation  of  atmospheric  scattering  effects,  are  compared  with  the  experimental  data  acquired 
in  the  field  tests.  A  good  agreement  was  obtained  between  the  measured  data  and  the  theoretical  predictions. 


1.  INTRODUCTION 

Light  emanating  from  a  radiation  source  is  scattered  and  absorbed  by  molecules  and  aerosols  in  the 
atmosphere.  It  is  also  deflected  from  it’s  original  path  by  atmospheric  turbulence.  Some  of  the  above 
phenomena  give  rise  to  reduction  of  the  source  intensity  and  some  give  rise  to  spatial  blurring  of  the  source 
radiation.  The  contribution  of  the  atmospheric  turbulence  to  spatial  blurring  is  well  known  and  have  been 
characterized  by  many  authors  (see  e.g.  [1,2,3,4,5,6]).  Since  the  problem  of  light  propagation  in  a  scattering 
and  absorbing  atmosphere  has  no  general  analytical  solution,  various  analytical  approximations  have  been 
suggested.  The  Small  Angle  Approximation  (SAA),  the  Diffuse  Approximation  (DA)  and  the  Small  Angle 
Diffuse  Approximation  (SADA)  [7,8,9]  are  some  of  the  known  analytical  approximations,  each  having  it’s 
own  range  of  validity.  Another  approximation,  implemented  for  vertical  viewing  from  satellites,  is  the  two 
stream  approximation  [10,11].  For  certain  simple  geometries  it  is  possible  to  solve  the  equation  of  radiation 
transfer  either  numerically  [12,13]  or  analytically  [14,15,16]  and  to  get  an  analytical  expression  for  the 
atmospheric  contribution  to  spatial  blurring  (laser  beams  [17]).  The  most  general  numerical  technique  used  to 
calculate  the  effects  of  an  arbitrary  turbid  atmosphere  on  optical  systems  is  the  Monte  Carlo  method 
[18,19,20,21,22,23].  All  the  above  mentioned  methods  pertain  to  the  blurring  effects  of  the  scattering 
atmosphere  at  the  focal  plane  of  the  optics  but  do  not  consider  other  properties  of  the  imaging  systems.  Sadot 
and  Kopeika  suggested  a  “practical”  model  [24]  that  describes  how  the  properties  of  an  imaging  system  affect 
the  detected  radiation  by  considering  the  Modulation  Transfer  Function  (MTF)  at  the  image  plane.  The  image 
plane  (not  to  be  confused  with  the  focal  plane)  is  a  virtual  plane  that  includes  also  the  effects  of  the  detector 
and  the  electronics  of  an  imaging  system.  A  comment  on  that  model  by  Bissonnette  [25]  and  the  response  to  it 
by  Sadot  and  Kopeika  [26]  showed  that  though  there  is  a  common  agreement  on  the  blurring  effects  of  the 
scattering  atmosphere  at  the  focal  plane,  there  exist  a  disagreement  in  the  issue  of  how  the  scattered  radiation 
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is  detected  by  an  imaging  system.  The  aim  of  this  paper  is  to  present  a  physical  model  of  the  detection 
process  of  the  incident  radiation  by  an  imaging  system.  This  model  allows  to  calculate  the  distribution  of  the 
detected  radiation  (the  Point  Spread  Function  -  PSF)  in  the  image  plane.  A  field  experiment  was  performed  in 
which  atmospheric  scattering  effect  on  the  PSF  of  a  scanning  point  radiometer  was  measured.  Theoretical 
predictions  of  the  suggested  model  agree  well  with  our  experimental  results  and  the  experimental  results  of 
Bissonnette. 


2.  THEORY 

The  radiation  that  is  detected  by  the  detector  of  an  imaging  system  is  composed  of  3  main  constituents; 
A)  direct  radiation  from  the  source  blurred  by  three  different  mechanisms,  B)  radiation  scattered  by  the 
atmosphere  and  C)  radiation  scattered  within  the  optical  system.  Here  we  follow  the  common  approach  to  the 
solution  of  imaging  problems  in  the  atmosphere  [8,17]  by  treating  the  light,  that  is  propagating  in  the 
atmosphere,  as  composed  of  the  unscattered  (direct)  and  the  scattered  components.  The  radiation  that  is 
scattered  within  the  optical  system  originates  in  reflections  from  mechanical  elements  and  non  perfect  optical 
components  and  coatings.  Baffles  and  glare  stops  are  few  of  the  methods  to  reduce  this  stray  light,  but  most 
of  the  commercially  available  imaging  systems  do  not  have  these  elements  in  their  optical  design.  Stray  light 
is  usually  several  orders  of  magnitude  weaker  than  the  direct  radiation,  therefore  it  is  noticeable  only  when  a 
strong  source  of  light  is  introduced  into  or  near  the  field  of  view  of  the  system  or  in  case  that  the  imaging 
system  has  a  wide  dynamic  range. 


2.1  The  Point  Spread  Function 

The  basic  physical  function  that  describes  the  spatial  response  of  an  optical  system  is  the  Point  Spread 
Function  -  PSF.  If  several  conditions  are  met  in  the  imaging  process  then  it  possible  also  to  describe  the 
spatial  response  of  the  optical  system  in  terms  of  its  Modulation  Transfer  Function  -  MTF,  the  amplitude  of 
the  bi-dimensional  Fourier  transform  of  the  PSF: 


MTF(v^,vJ  = 


(1) 


where  x  and  y  are  spatial  coordinates  and  and  Vy  are  spatial  frequency  coordinates  in  the  focal  plane.  The 
conditions  for  the  validity  of  the  representation  of  the  spatial  response  by  the  MTF  are  given  by  the  linear 
filter  theory  [27]: 

1 .  All  the  steps  in  the  process  of  image  formation  should  be  linear. 

2.  Ail  those  steps  should  be  isoplanatic  (stationary  in  time  and  space). 

3.  The  imaging  process  should  be  one-to-one  mapping  of  the  input  plane  to  the  output  plane. 

In  the  spatial  domain  the  cumulative  effect  of  two  successive  optical  elements  in  the  imaging  process  is 
given  by  a  convolution  between  their  PSF.  In  the  spatial  frequency  domain  the  cumulative  effect  is  given  by  a 
regular  multiplication  between  their  MTF  (a  property  of  the  Fourier  transform).  This  decomposition  of  the 
response  of  two  successive  optical  elements  into  multiplication  between  their  MTF  is  valid  only  if  then- 
spatial  responses  are  uncorrelated.  The  above  property,  which  makes  system  analysis  much  simpler  in  the 
spatial  frequency  domain  rather  than  in  the  spatial  domain,  is  the  main  reason  that  MTF  became  so  popular  in 
representing  the  spatial  response  of  imaging  systems. 

The  major  drawback  of  using  MTF  in  representing  the  spatial  response  of  imaging  systems  is  that  some 
of  the  above  mentioned  conditions  are  not  valid  for  those  systems.  For  example  some  of  the  light  detection 
processes  are  not  linear  (non  linearity  of  the  detection  process)  and  some  are  not  isoplanatic  (spatial  sampling 
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effects).  There  exist  a  dependence  between  various  stages  in  the  imaging  process  which  makes  the  MTF 
decomposition  into  multiplicative  terms  invalid  (atmospheric  effects  on  imaging  systems  are  a  function  of  the 
imaging  system  properties).  Though  there  are  some  attempts  to  overcome  these  drawbacks  [28,29]  of  the 
MTF  formalism,  we  will  consider  in  the  following  model  only  the  basic  physical  function  that  describes  the 
spatial  response  of  an  optical  system,  the  PSF. 


2.2  The  direct  radiation 


The  direct  radiation  from  a  distant  point  source  arrives  at  an  imaging  system  as  a  plane  wave  (paraxial 
approximation).  If  the  optics  of  the  imaging  system  was  unlimited  in  size  and  no  system  effects  were  present, 
then  this  plane  wave  would  be  focused  to  a  point  (spatial  delta  function)  in  the  focal  plane.  This  spatial  delta 
function  transforms  to  a  blurred  wider  distribution  flmction  when  the  direct  radiation  is  passing  through  the 
optical  components  of  the  imaging  system  and  especially  when  it  is  detected  by  the  system's  detector.  There 
are  three  main  blurring  processes  in  imaging  systems:  optical  (diffraction)  blurring,  blurring  due  to  the  finite 
size  of  the  detector  elements  and  the  display  (electronic)  spatial  blurring.  The  blurring  due  to  electronic 
effects  varyies  from  system  to  system  and  is  dependent  on  its  specific  signal  processing.  In  this  paper  we  will 
describe  an  imaging  system  that  has  the  most  simple  signal  processing  that  does  not  add  to  the  spatial 
blurring.  The  optical  blur  is  due  to  a  diffraction  by  a  size  limited  optics  of  the  system.  The  optical  blur  of  a 
light  source  with  a  unit  intensity  is  described  by  an  Airy  disk  pattern  [8]: 


^opt(0 


4r^ 


J 


^TtPr^ 


(2) 


Where  lopxCr)  is  radial  distribution  of  the  radiation  flux  in  the  focal  plane.  X  is  the  wavelength  of  the 
incident  radiation,  D  and  fo  are  the  diameter  and  the  focal  length  of  the  optical  system,  respectively,  and  Jj  is 
the  Bessel  function  of  the  first  order.  The  first  zero  of  the  Airy  disk  pattern  occurs  at  a  distance  r^j^  from  the 
axis  of  the  system: 


T  f 

v^^=U2-^  (3) 

After  passing  through  the  optics  the  radiation  is  incident  on  the  detection  system  that  has  detection 
elements  with  finite  size.  The  detection  elements  can  be  either  elements  of  a  focal  plane  array  or  a 
single/vector  of  scanning  detectors.  The  distribution  of  the  detected  radiation  of  a  unit  intensity  light  source 
between  those  detector  elements  is  not  an  ideal  rectangular  function  with  dimension  of  the  detection  element, 
as  can  be  assumed  if  we  neglect  the  diffraction  effect.  This  distribution  is  commonly  described  [28,29]  by  a 
Gaussian  function  that  depends  on  a  -  the  size  of  the  detection  element.  This  distribution  is  not  the  actual 
distribution  of  the  radiation  (which  is  assumed  here  as  a  spatial  delta  function)  but  an  effective  radiation 
distribution  as  sensed  by  the  detection  elements  of  the  imaging  system. 


Idir(0  - 


(4) 


Where  lDiR(r)  is  an  effective  radial  distribution  of  the  radiation  flux  in  the  focal  plane,  a  is  the  typical 
size  of  the  detection  element  and  is  related  to  the  IFOV  -  Instantaneous  Field  Of  View  of  the  system  and  to  its 
focal  length  fo  -  by: 


IFOV  =  arctan 


fo 


(5) 
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This  approximation  is  valid  here  since  the  IFOV  is  usually  a  very  small  angle.  The  above  radiation 
distributions  are  integrated  over  the  detector  element  area,  and  hence  they  should  be  multiplied  by  cr^  to  yield 
the  detected  signal  by  the  system.  Since  the  atmosphere  absorbs  the  radiation  and  scatters  it  out  of  the  line  of 
sight,  then  the  measured  signal  will  be  obtained  by  multiplying  the  above  distributions  of  a  unit  intensity  light 
source  by  T  =  e’\  where  T  is  the  atmospheric  transmittance  and  x  is  the  optical  depth  of  the  atmosphere.  For 
most  of  the  imaging  systems  the  spatial  resolution  is  limited  by  the  final  size  of  the  detection  elements 
(“detector  limited”  case  where  r^iry  «  a)  and  not  by  the  diffraction  limit  of  the  optics  (“dif&action  limited” 
case  where  rAiry  »  a).  Analysis  of  a  diffraction  limited  imaging  system  operating  in  a  turbid  medium  is  given 
by  Ishimam  [30].  In  this  paper  the  spread  of  the  direct  radiation  as  detected  by  an  imaging  system  will  be 
modeled  by  considering  a  detector  limited  system  (and  the  diffraction  effect  will  be  neglected).  Hence  the 
detected  signal  of  a  unit  intensity  light  source  will  be  described  by  the  product  of  the  terms  of  Eq.  4, 
atmospheric  transmittance  and  the  area  of  the  detector  element: 


PSFDK(r)  =  lDiR(r)-e-^-a' 


(6) 


In  a  general  case  neither  of  the  blurring  effects  is  neglected  and  the  PSF  relative  to  the  direct  radiation  is 
given  by  a  convolution  between  the  terms  in  Eq.  2  and  4.  It  is  important  to  note  here  that  the  above  described 
direct  radiation  distribution  is  what  is  usually  referred  to  as  the  imaging  system  PSF.  Depending  on  the 
system  properties,  this  imaging  system  PSF  may  also  include  the  contribution  of  the  radiation  which  is 
scattered  within  the  imaging  system. 


2.3  The  radiation  scattered  by  the  atmosphere 

The  light  emanating  from  the  radiation  source  is  scattered  and  absorbed  by  molecules  and  aerosols  in 
the  atmosphere.  Various  analytical  and  numerical  solutions  exist  for  the  problem  of  radiation  transfer  in  the 
atmosphere.  In  the  present  work  a  modified  version  [3 1]  of  the  SEMIM  [21,22,23]  Monte  Carlo  code  is  used 
to  evaluate  the  contribution  of  atmospheric  turbidity  to  the  augmentation  of  the  Point  Spread  Function. 
SEMIM  code  output  was  successfully  compared  [21]  with  published  data  from  controlled  laboratory 
measurements  by  Donelli  et  al.  [32]  and  by  Kuga  and  Ishimam  [33,34].  The  scattered  radiation  reaching  the 
imaging  system  is  a  function  of  the  view  angle  in  the  lens  plane,  0  (see  Fig.  1): 

tan(9)  =  f  (7) 

Iq 

However  in  order  to  obtain  the  detector  signal  PSFsca  this  radiation  should  be  integrated  over  the  solid 
angle  subtended  by  the  detector  element  of  the  imager,  and  hence  it  should  be  multiplied  by  IFOV^  (or  by 

-  see  Eq.  5): 

PSFsca  (r)  =  IscA(r/fo)-(cT/fo)'  («) 
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Figure  1 :  Geometry  of  an  imaging  system  looking  at  a  point  source  through  the  intervening  atmosphere. 


where  IscAfr/fo)  is  the  angular  distribution  of  the  scattered  radiation  (in  Watt/str)  that  is  obtained  through  the 
Monte-Carlo  method  as  will  be  described  later.  This  equation  is  based  on  the  assumption  of  a  constant  IFOV 
for  all  detector  elements  (based  on  the  paraxial  approximation  of  r  «  Q.  For  imaging  systems  with  short 
focal  length  this  assumption  may  not  be  valid  and  a  cos^(6)  correction  factor  for  the  projected  IFOV  should 
be  applied; 
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2.4  The  model  for  the  detected  light 


In  the  theoretical  model  presented  herein  we  try  to  quantify  the  relative  contributions  of  the  scattered 
and  the  direct  radiation  components  to  the  spatial  distribution  of  radiation  from  a  point  source  as  detected  by 
an  imaging  system.  We  assume  a  linear  imaging  system  and  the  input  radiation  to  the  system  is  the  sum  of 
two  independent  components  (scattered  and  unscattered  radiations).  Hence  the  detected  signal  is  the  sum  of 
the  two  detected  components: 
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Using  the  angular  presentation,  the  above  distribution  is  given  by: 


PSFdet (0)  =  IscA  (0)- IFOV'  •  cos'  (0)+ — •  e 
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The  internal  system  scattered  radiation  is  a  third  tenn  that  is  usually  present  in  Eq.  1 0  and  1 1 .  However, 
this  term  is  very  dependent  on  the  specific  properties  of  the  imaging  system  and  it  is  quite  hard  to  model  it 
properly. 
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2.5  Theoretical  calculations 

A  modified  version  of  the  SEMIM  Monte  Carlo  code  is  used  in  the  present  work  to  evaluate  the 
contribution  of  atmospheric  turbidity  to  the  augmentation  of  the  Point  Spread  Function.  The  effect  of 
atmospheric  turbidity  is  evaluated  in  the  SEMIM  code  as  due  to  the  presence  of  scatterers  (the  secondary 
sources)  whose  defocused  images  are  distributed  on  the  image  plane  of  the  primary  source.  The  positions  of 
the  scatterers  are  determined  by  a  Monte  Carlo  procedure,  while  the  contribution  of  each  secondary  source  to 
the  irradiance  on  the  image  plane  is  evaluated  by  means  of  Geometrical  Optics. 

Several  simulations  were  performed  in  order  to  investigate  the  effects  of  atmospheric  scattering  and 
absorption  on  the  spatial  resolution  of  imaging  systems.  The  calculations  were  done  for  a  CCD  camera 
operating  in  the  visible  spectral  region  (0.55  pm).  The  size  of  a  detector  element  was  chosen  to  be  15  pm  and 
a  number  of  detectors  in  the  array  is  5 12  detectors  (these  numbers  are  typical  for  a  commercial  available  CCD 
cameras).  The  diameter  of  the  lens  was  kept  constant  at  4  cm  and  the  focal  length  of  the  optics  varied 
between  1  cm  (a  system  with  a  wide  field  of  view  -  38  deg)  to  100  cm  (a  system  with  a  narrow  field  of  view 
0.44  deg).  Figures  2a  and  2b  presents  the  calculated  normalized  PSF  (using  Eq.  10  and  dividing  by  PSF(O)) 
of  this  imaging  system  for  a  point  lambertian  source  located  1  km  horizontally  from  the  system  for  the  rural 
and  radiation  fog  aerosol  models,  respectively.  The  atmospheric  parameters  used  in  the  above  simulation 
were  calculated  [31]  using  the  data  of  the  size  distributions  and  the  refractive  indices  of  atmospheric  aerosols, 
tabulated  in  the  report  by  Shettle  and  Fenn  [35],  and  by  using  the  LOWTRAN7  code  [36]. 


(a)  (b) 

Figure  2;  Simulated  normalized  PSF  of  an  imaging  system  operating  in  the  visible  wavelength  for  3  different 
focal  length’s  =  1,  10  and  100  cm.  The  aerosol  models  used  are:  (a)  Rural  aerosol  (VIS  =  5  km); 
(b)  Radiation  fog  (VIS  =  0.5  km). 
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As  one  can  see,  the  common  feature  in  figure  2  is  the  increase  in  the  contribution  of  the  scattered 
radiation  to  the  PSF  when  the  field  of  view  becomes  wider  (smaller  focal  length).  Common  imaging  systems 
have  a  dynamic  range  with  about  2-4  orders  of  magnitude  (8  bits  ==  1:256  to  12  bits  =  1:4096).  Due  to  this 
technical  limitation  the  curves  in  figure  2a  shows  that  for  most  common  viewing  conditions  in  the  atmosphere 
and  for  most  common  types  of  imaging  systems,  the  atmospheric  scattering  will  not  have  any  effect  on  spatial 
blurring  of  the  images.  Only  at  very  extreme  atmospheric  conditions  (such  as  dense  fog,  rain  or  sand  storm) 
imaging  systems  with  wide  FOV  will  produce  somewhat  blurred  images  due  to  atmospheric  scattering.  At  this 
point  it  is  important  to  note  that  atmospheric  scattering  and  absorption  have  a  strong  influence  on  the 
reduction  of  the  contrast  of  the  objects  seen  through  the  atmosphere  in  most  of  atmospheric  conditions  (see 
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Fig.  3).  This  contrast  reduction  must  not  be  confused  with  spatial  blurring,  which,  as  was  shown  here,  is  not 
influenced  usually  by  atmospheric  scattering  and  absorption. 

Intensity 

f  Contrast  reduction  Spatial  blurring 


Distance  (Angle) 

Figure  3:  Visualization  of  the  differences  between  two  different  atmospheric  effects  :  Contrast  reduction  and 
Spatial  blurring.  The  thick  line  represents  a  spatial  (angular)  scan  over  the  object  in  the  object 
plane,  and  the  dashed/dotted  lines  are  the  scans  over  the  object  in  the  optics  plane,  which  includes 
the  atmospheric  effects. 


3.  EXPERIMENTAL  SETUP 

The  basic  instrument  that  we  used  in  the  field  tests  that  we  performed  was  a  scanning  point  radiometer. 
This  instrument  was  chosen  since  it  does  not  suffer  from  most  of  the  drawbacks  of  regular  imaging  cameras: 
It  has  a  large  dynamic  range  and  almost  an  unlimited  angular  region.  Figure  4  describes  the  general  geometry 
of  the  field  test:  Two  radiometers  together  with  the  metero logical  station  and  the  visibility  meter  were  placed 
on  a  roof  of  one  building,  and  a  strong  quartz  halogen  lamp  was  placed  on  the  roof  of  another  building  650 
meters  away.  The  PSF  was  measured  by  using  that  lamp  as  a  point  source.  The  effects  of  turbulance  were 
minimized  by  choosing  the  optical  path  to  be  about  50m  above  the  ground. 


Lamp 


Visibility 

meter 


Figure  4:  General  geometry  of  the  field  experiments. 
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Figure  5:  The  experimental  setup. 

Figure  5  shows  the  experimental  setup  that  was  used  in  the  measurement  of  the  PSF:  As  a  light  source  a 
250W  quartz  halogen  lamp  was  used  with  a  divergence  of  about  ±30°.  The  radiation  from  the  lamp  was 
chopped  by  a  mechanical  chopper  at  280  Hz.  In  order  to  detect  only  the  chopped  radiation  three  SR-850 
lock-in  amplifiers  were  used.  The  reference  signal  to  the  lock-in  amplifier  was  obtained  from  a  second  fixed 
“Photopic”  point  radiometer  that  monitored  the  frequency  of  the  chopper.  The  main  instrument  that  we  used 
was  a  “Dual  Channel”  point  radiometer  (FOV  =  2  mrad,  X  =  0.87+0,17  pm  with  low-noise  Si  detector)  that 
was  placed  on  a  precise  scanning  mechanism  (1.5  deg  in  5  minutes).  Three  SR-850  Lock-in  amplifiers 
measured  (at  different  amplifications)  the  output  of  the  Si  detector  and  their  amplified  signals  were  sampled 
by  a  computer.  Since  each  one  of  the  lock-ins  has  a  dynamic  range  of  2.5  a  total  dynamic  range  of  6  orders  of 
magnitude  was  covered  by  them.  The  meteorological  station  measured  the  temperature  of  the  air,  pressure, 
relative  humidity.  The  scattering  coefficient  of  the  aerosols  (k^*  »  S.OA^IS  )  was  measured  by  the  visibility 
meter  (model  HSS-500). 


4.  RESULTS 


A  series  of  field  measurements  were  perfonned  in  April-May  1996  in  Haifa,  Israel.  Since  we  did  not 
had  an  aerosol  PMS  (particle  measurement  system),  a  rough  estimation  of  the  aerosol  type  and  size 
distribution  was  carried  out.  Usually  an  urban  aerosol  model  was  used  (with  the  modifications  of  the  local 
relative  humidity),  except  on  several  days,  when  an  eastern  wind  brought  aerosols  from  the  inland:  On  those 
days  the  rural  aerosol  model  seemed  to  be  a  more  suitable  model.  The  details  of  aerosol  models  in  the  report 
by  Shettle  and  Fenn  [35]  were  used  for  the  simulation  of  the  predicted  signal.  The  contribution  of  the 
radiation  that  is  scattered  inside  the  radiometer  (system  scattered  radiation)  was  measured  by  placing  the  lamp 
a  distance  of  70  meter  from  the  radiometer.  The  contribution  of  atmospheric  turbulence,  for  the  hottest  day  in 
the  experiment,  was  estimated  by  the  IMTURB  model  [37]  to  be  about  0.015  mrad.  Since  the  field  of  view  of 
the  radiometer  was  2  mrad,  the  effects  of  atmospheric  turbulence  could  be  neglected. 

Figures  6a,  6b,  6c  and  6d  presents  a  comparison  between  the  PSF  as  meastired  by  the  “Dual  Channel" 
radiometer  and  the  predicted  PSF  according  to  model  described  in  section  2.4.  In  each  figure  the  measured 
data  (•)  appears  together  with  3  theoretical  curves:  A)  the  predicted  direct  (PSFDijt(0)  with  a  square  field  of 

view  was  used  in  the  model)  combined  with  the  system  scattered  radiation  ( . ),  B)  the  predicted  direct  and 

atmospheric  scattered  radiation  ( _ )  and  C)  the  predicted  signal  which  is  composed  of  the  sum  of  the  direct, 

system  and  atmosphere  scattered  radiations  (“■■■^ ). 
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Figure  6:  Comparison  of  the  measured  PSF  by  the  “Dual  Channel”  radiometer  with  the  predicted  PSF 

according  to  the  presented  model.  The  comparisons  are  for  measurements  made  at  an  urban  aerosol 
loading  of  (a)  «  0.1  km'*;  (b)  k,* «  0.2  km'*;  and  at  rural  aerosol  loading  of  (c)  k,' «  0.4  km'*;  (d) 
kc*«  0.6  km'*. 


5.  CONCLUSION 

A  physical  model,  which  describes  the  effect  of  the  radiation  scattered  by  the  aerosols  and  molecules  in 
the  atmosphere  on  an  imaging  system,  is  presented.  This  model  explains  how  the  field  of  view,  the  dynamic 
range  and  other  characteristics  of  the  imaging  system  as  well  as  the  turbidity  of  the  atmosphere  affect  the 
measured  PSF  of  a  distant  point  source.  It  is  found  that  for  common  imaging  systems  in  general  atmospheric 
conditions,  the  processes  of  atmospheric  scattering  and  absorption  do  not  contribute  to  spatial  blurring  of  the 
recorded  images.  Only  at  extreme  conditions  of  atmospheric  turbidity  (such  as  dense  fog,  rain  or  sand  storm) 
and  for  imaging  systems  with  wide  FOV,  the  atmospheric  scattering  will  blur  the  images  as  seen  by  them. 

The  agreement  of  theoretical  predictions  with  the  measured  data  in  our  field  measurements  is  very  good. 
Figures  6  demonstrate  the  ability  of  the  proposed  model  to  predict  quantitatively  the  relative  contributions  of 
the  direct,  atmospheric  scattered  and  system  scattered  components. 
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Abstract 

Understanding  the  environmental  ejects  on  weapons  systems  in  all  dimensions  of  the  battlespace  is  essential  to  effective 
employment  of  those  weapons.  Understanding  is  based  on  data  —  delta  which  may  not  be  available  when  really  needed. 
Weather  satellites  provide  an  important  overall  view  of the  atmosphere  and  ocean  and  make  may  of  the  measurements 
used  in  numerical  models  which  analyze  and  predict  future  status.  Surface  based  in-situ  and  remote  sensing  devices 
help  fill  in  many  of  the  voids  in  the  data  base.  But,  there  are  large  regions  of  the  world  which  do  not  have  adequate 
coverage  and  during  combat  there  are  many  areas  where  data  are  denied  or  impractical  to  measure  with  conventional 
instruments.  The  US  Navy's  Naval  Research  Laboratory  has  embarked  on  a  campaign  to  refine  our  capability  to  fill 
the  data  gaps  in  the  Battlespace,  particularly  in  fulfilling  the  need  for  mesoscale  measurements  near  the  ocean- 
atmosphere  interface.  One  such  effort  has  been  support for  the  demonstration  of  a  new  miniaturized  GPS-based  sensor 
platform  which  promises  to  provide  a  broad  range  of  applications.  This  paper  describes  the  development  and  testing 
of the  first  versions  of this  device  which  measures  temperature,  pressure,  humidity  and  winds  from  a  package  that  is  1.5" 
in  diameter  and  8. 1 "  long  for  deployment from  standard  countermeasures  dispensing  systems.  Initial  demonstrations 
were  conducted  using  an  EA-6B  and  a  P-3  aircraft.  Follow-on  demonstrations  are  scheduled  on  the  SH-60  helicopter, 
the  Predator  UA  V,  and  other  aircraft.  Results  of  these  demonstrations  are  presented  along  with  future  plans  for 
oceanographic,  rocket  propelled,  and  surface  implant  deployments  arui  integration  of  additional  sensor  types.  The 
significance  of  this  development  is  that  these  instruments  can  be  launched from  almost  any  military  and  many  civilian 
aircraft  equipped  with  standard  countermeasures  dispensing  systems  without  any  modtfication  to  the  aircraft.  Data  can 
be  received  on  board  the  aircraft,  via  satellite  links,  or  by  surface  based  receivers  and  input  to  fine  scale  and  large  scale 
models  for  various  applications.  Some  of  these  applications  are  presented  in  the  paper. 


1.  Overview 

Meteorological  satellites  provide  excellent 
broad  scale  coverage  of  weather  patterns  and 
deliver  very  good  estimates  of  some  of  the 
meteorological  data  elements  needed  to 
predict  the  future  state  of  the  atmosphere.  The 
worldwide  upper  air  observing  system 
supplements  satellite  observations  with  data 
from  radiosondes  and  other  instruments.  Data 
collected  from  this  network  of  satellite  and 


surface  based  systems  feed  the  numerical 
weather  forecast  models  of  the  world's 
meteorological  centers.  Unfortunately  there 
are  gaps  in  the  data  base  caused  by  several 
factors.  In  the  case  of  the  satellites,  they  lack 
the  spatial  and  temporal  resolution  required 
for  some  forecasts  and  for  others  they  are 
inhibited  from  making  required  measurements 
by  intervening  atmospheric  phenomena  or 
deficient  technological  capability.  The 
surface  based  systems  are  limited  in  filling  the 


^Radian  International  Electronics  Division,  15508  Bratton  Ln,  Austin  TX  78728 
^Tracor  Aerospace,  6500  TracorLane,  Austin  TX  78725 
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void  because  large  areas  of  the  earth  are 
covered  by  water  or  are  sparsely  inhabited  and 
thus  not  ideal  for  radiosonde  or  other  types  of 
observing  systems.  Finally,  when  political  or 
combatant  conflicts  occur,  conventional 
weather  data  -  both  satellite  and  surface  based 
--  are  often  denied  or  otherwise  not  readily 
available.  Thus,  there  is  a  valid  need  for 
further  supplementing  the  data  base  with  other 
sources.  The  US  Navy's  Naval  Research 
Laboratory  is  sponsoring  a  tactical  dropsonde 
program  to  demonstrate  a  method  for 
obtaining  essential  atmospheric  measurements 
in  hard  to  reach  areas  of  the  combat  zone  — 
otherwise  known  as  "the  battlespace".  This 
paper  describes  a  unique  Global  Positioning 
System  (GPS)  based  instrument  which  has 
been  initially  designed  to  be  employed  as  a 
dropsonde  but  which  has  many  other  potential 
applications. 

2.  Dropsonde  History 

Current  dropsondes  which  use  Omega  or 
Loran  navigation  systems  for  winds  evolved 
from  earlier  versions  which  measured 
pressure,  temperature  and  humidity  (PTH) 
only.  The  US  Air  Force  Hurricane  Hunters 
employ  a  National  Center  for  Atmospheric 
Research  (NCAR)  designed  dropsonde  which 
uses  the  Omega  system  for  winds.  It 
measures  16  inches  in  length,  has  a  circular 
cross-section  which  is  3.5  inches  in  diameter 
and  it  weighs  about  one  pound.  It  is  deployed 
from  WC-130  aircraft  by  means  of  a  specially 
designed  tube  mounted  in  the  floor  of  the 
aircraft  cargo  compartment.  The  Navy's 
objective  in  sponsoring  a  tactical  dropsonde 
program  was  to  employ  a  design  which  could 
be  deployed  from  many  different  aircraft 
without  significant  aircraft  modification. 
Their  approach  was  to  demonstrate  a  "tactical 
dropsonde"  deployed  from  standard 
countermeasvires  dispensing  systems  (CDMS), 
normally  used  for  chaff  and  flare  dispensing. 


3.  Tactical  Dropsonde  Development 

The  Naval  Research  Laboratory  (NRL) 
Center  for  Tactical  Oceanographic  Warfare 
Support  (TOWS)  Program  Office  contracted 
with  Neptune  Sciences,  Inc.  (NSI)  and  its  two 
subcontractors,  Tracor  Aerospace  and  Radian 
International  Electronics  Division  to 
demonstrate  this  capability.  The  contractor 
team  embarked  on  internally  financed 
independent  research  and  development 
(IRAD)  design  and  development  activity  to 
come  up  with  a  completely  new  miniaturized, 
ruggedized  dropsonde  capable  of  deployment 
from  standard  CDMS,  able  to  survive  the 
harsh  operating  environment,  and  able  to 
measure  critical  atmospheric  elements.  Phase 
1  of  the  effort  resulted  in  the  successful 
demonstration  of  a  PTH-Only  dropsonde  such 
as  the  one  depicted  in  Figure  1. 


Figure  1. 

On  29  Feb  1 996  an  operational  EA-6B  from 
VAQ-139,  Whidbey  Island  NAS,  WA, 
successfully  deployed  several  PTH  TDrop™ 
(for  tactical  dropsonde)  units  off  the  coast  of 
Washington  near  Ocean  Shores. 
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Figure  2  depicts  the  ejection  sequence. 


Data  were  received  by  a  ground  based  receiver 
stationed  on  the  shoreline  some  5-10  miles 
from  the  drop  point.  While  this  was  an 
uncalibrated  demonstration,  data  from  the 
upper  air  site  at  Quillayute  (UIL)  are  shown  in 
figure  3  along  with  data  from  one  of  the 
TDrop™  deployments.  UIL  is  a  land  based 
site  70  miles  north  of  the  drop  point  and  the 
data  were  observed  some  3  hours  prior  to  the 
drop.  The  temperature  inversion  evident  at 
UIL  was  most  likely  not  present  over  the 
water  at  the  drop  site,  thus  making  for  a 
relatively  good  comparison  between  the 
radiosonde  and  the  dropsonde  data.  The  most 
important  aspect  of  the  demonstration  was  that 
the  sonde  survived  ejection  from  the  CDMS 
after  experiencing  extreme  temperatures  and 
vibrations  while  captive  in  the  EA-6B's 
CDMS  prior  to  launch.  Following  this  initial 
success,  the  contractor 


WHIDBEY  ISLAND  TEST  RESULTS 

TDROP-Rawlnsonde  Comparison 
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TDROP-Rawinsonde  Comparison 


Figure  3. 

team  embarked  on  ftirther  internally  financed 
IRAD  design  and  development  of  a  GPS 
based  TDrop™. 
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This  has  resulted  in  initial  prototypes  similar 
to  the  one  depicted  in  Figure  4.  As  this  paper 
was  being  written,  the  prototypes  had 
successfully  completed  ground  testing,  had 
survived  ejection  and  vibration  tests,  and  were 
about  to  experience  first  flight  tests.  GPS 
TDrop™  is  8.1  inches  long,  has  a  circular 
cross-section  of  1.5  inches  in  diameter  and 
weighs  less  than  a  poimd.  It  employs  a  foil 
GPS  engine  which  is  capable  of  geographic 
navigation,  time  capture,  and  Doppler  velocity 
determination.  In  addition  to  geo-location,  the 
other  advantage  of  this  approach  over  the 
alternative  "codeless"  technique  is  maximum 
potential  signal-to-noise  ratio  for  resolving 
signals  from  the  GPS  constellation. 

4.  Applications 

Potential  applications  for  TDrop™ 
technology  are  wide  and  varied.  The  Navy 
initially  plans  to  use  it  for  determining  the 
temperature  and  humidity  structure  in  the 
lowest  layers  of  the  atmosphere. 


Figure  5. 

This  will  allow  them  to  input  high  resolution 
data  to  mesoscale  models  and  tactical  decision 
aids  such  as  the  Integrated  Refractive  Effects 
Prediction  System  (IREPS)  as  depicted  in 


Figure  5  (Patterson  1990).  Other  applications 
include  wind  profiles  for  input  to  computed 
air  release  point  calculations  for  precision 
airdrop  operations  and  atmospheric  profiles 
for  input  to  a  number  of  tactical  decision  aids 
and  mesoscale  models. 

An  example  of  the  utility  of  observations  such 
as  those  obtained  from  a  flexible  observing 
system  like  the  dropsonde,  came  out  of  a 
winter  storm  recoimaissance  effort  conducted 
in  the  northeast  Pacific  Ocean  during  the 
winters  of  1994  and  1995  (Peterman  et  al 
1996).  At  that  time  the  National  Centers  for 
Environmental  Prediction  (NCEP)  (formerly 
the  National  Meteorological  Center  -  NMC) 
cooperated  with  the  US  Air  Force  Hurricane 
Hunters,  the  National  Weather  Service 
Forecast  Office  in  Seattle,  several  NOAA 
Laboratories  and  Radian  to  deploy  NCAR- 
designed  dropsondes  in  data  sparse  areas  in 
the  northeast  Pacific  Basin.  WC-130  aircraft 
staged  out  of  McChord  AFB  WA  near 
Tacoma  to  areas  designated  by  forecasters  in 
Seattle  and  NCEP.  Areas  were  agreed  upon 
during  teleconference  calls  between  the 
forecasters  and  were  based  on  suspected  voids 
in  the  data  base  which  could  adversely  affect 
the  numerical  model  runs.  The  1994 
deployments  identified  procedural  and 
technical  problems  with  ingesting  asynoptic 
data  such  as  the  dropsondes  into  the  data  base. 
The  1995  deployments  provided  sufficient 
data  and  realized  significant  procedural 
changes  that  detailed  post  analyses  of  the 
value  of  the  dropsonde  data  could  be 
performed.  Spearheaded  by  scientists  at 
NCEP  (Lord  et  al,  1996),  ensemble  forecasts 
were  assembled  with  and  without  dropsonde 
data.  In  some  cases  the  dropsonde  data  had 
little  or  no  impact  on  the  resulting  forecast, 
but  in  other  cases  the  data  had  a  significant 
impact.  Figure  6  shows  standard  deviation  of 
forecast  error  for  the  2-11  Feb  95  period. 
Dropsonde  data  had  a  significant  impact  on 


238 


the  forecasts  valid  on  8  Feb. 


Sht  o(  Fe*t  Error  300  2  230-203  C.  25-03  N 


Figure  6. 

The  analogy  for  potential  TDrop™  operations 
is  that  a  strategy  for  when  and  where  tactical 
dropsondes  are  employed  could  be  based  on 
similar  ensemble  techniques.  Lord,  et  al  has 
suggested  that  the  ensembles  could  be 
analyzed  for  suspect  areas  where  accurate  data 
would  have  the  most  impact  on  the  forecast 
some  12-18  hours  ahead  of  when  the  data  are 
needed.  The  results  of  this  analysis  would 
then  dictate  where  one  would  deploy  flexible 
observing  assets. 

5.  Future  Plans 

Following  initial  flight  testing  of  the  GPS 
TDrop™,  a  series  of  demonstrations  are 
planned.  One  such  demonstration  anticipates 
deployment  from  an  SH-60  where  several 
methods  for  communicating  the  data  are 
anticipated.  Figure  7  illustrates  the  data  flow 
which  allows  for  transmission  of  coded  data  to 
several  locations  where  they  can  be  decoded 
and  applied  in  various  support  scenarios.  The 
key  is  that  the  TDrop™  signal  is  a  simple 
frequency  modulation  on  a  selected  carrier 
wave.  PTH  and  GPS  information  are  packed 
in  frames  which  when  demodulated  and 


decoded  provide  the  observed  values. 
Standard  sonobuoy  frequencies  are  used  for 
this  demonstration  but  other  frequencies  in  the 
standard  meteorological  bands  are  planned. 


Figure  7. 

Another  demonstration  is  planned  on  the 
Predator  UAV.  In  this  case  a  special  pod  is 
being  developed  which  will  house  the  CMDS 
as  well  as  the  data  receiver  and  GPS 
initialization  imit.  Flight  tests  will 
demonstrate  the  ability  to  warm  start  the  GPS 
chip  in  TDrop™  prior  to  laimch.  Successful 
deployment,  data  reception  and  relay  for 
operational  use  will  also  be  demonstrated. 
Concepts  are  being  developed  for  operational 
employment  on  the  Predator  UAV  while 
Predator  is  performing  other  required  tasks 
without  interfering  with  those  tasks. 

Since  TDrop'*''^  is  basically  an  instrumentation 
package  centered  on  the  GPS  engine  and  its 
controlling  microprocessor,  TDrop™  can  be 
the  backbone  for  many  other  sensor 
requirements.  Figures  8  and  9  depict  two  such 
future  roles:  use  as  an  unattended  groimd 
based  sensor  and  as  a  rocketsonde, 
respectively.  Other  concepts  on  the  drawing 
boards  see  modified  TDrop™  packages  as 
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chemical  sensors,  oceanographic  monitors, 
etc.  The  key  to  TDrop™'s  utility  is  its  ability 
to  geo-locate  itself,  determine  its  own 
velocity,  interrogate  multiple  on-board 
sensors,  and  communicate  all  of  that 
information  over  an  RF  link  to  a  nearby 
ground  or  airborne  receiver. 


Figure  8. 


6.  Summary 

The  US  Navy  has  sponsored  a  forward 
looking  demonstration  of  essential 
atmospheric  measurements  using  GPS 
technology  and  standard  aircraft  CDMS. 
Operational  concepts  are  being  developed 
which  take  advantage  of  the  flexibility 
inherent  in  a  deployable  observing  system 
such  as  TDrop™.  Initial  prototypes  have  been 
successful  with  future  deployments  scheduled 
from  SH-60,  Predator  UAV  and  other  aircraft. 
Data  can  be  received  on  board  the  dispensing 
aircraft,  can  be  relayed  to  other  sites,  or  can  be 
monitored  by  other  receivers  within  line  of 
site  of  the  instrument.  The  flexibility  of  the 
GPS/microprocessor  based  platform  promises 
a  variety  of  other  sensor  and  employment 
applications  for  this  technology. 
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Abstract 

The  ability  of  an  acoustic  array  to  accurately  track  sources  is  limited  primarily  by  background  noise  and  by 
atmospheric  turbulence.  Modeling  of  the  latter  effect  is  the  main  topic  of  this  paper.  The  turbulence  degrades  angle- 
of-arrival  (AOA)  estimates  by  creating  uncorrelated  phase  and  amplitude  fluctuations  at  the  individual  array 
elements.  Theoretically  optimal  array  performance  can  be  determined  by  calculating  Cramer-Rao  lower  bounds 
(CRLB’s)  on  the  AOA  estimates.  CRLB  calculations  are  presented  in  this  paper  for  several  different  turbulence 
models  and  propagation  environments.  It  is  shown  that  the  turbulent  degradation  becomes  quite  important  in  low 
signal-tomoise  scenarios,  particularly  for  propagation  distances  greater  than  several  hundred  meters  and  acoustic 
frequencies  above  50  Hz.  The  reduction  in  array  coherence  is  found  to  be  caused  almost  exclusively  by  along-path 
wind  velocity  fluctuations  generated  by  near-ground  wind-shear  instabilities.  Large  turbulence  structures,  such  as 
boundary-layer  thermals  characteristic  of  a  sunny  day,  may  play  an  indirect  role  by  creating  regions  of  locally  high 
shear  near  the  ground.  A  theory  for  propagation  through  such  intermittent  turbulence  is  used  to  show  that  accuracy 
of  AOA  estimates  can  fluctuate  by  several  degrees,  depending  on  whether  the  propagation  is  through  a  locally  active 
region  of  turbulence  or  not. 


1.  Introduction 

Acoustic  sensor  arrays  have  long  been  used  to  detect,  locate,  and  identify  objects  in  the  ocean.  In  the  atmo¬ 
sphere,  however,  these  roles  are  more  often  performed  by  radar  and  optical  systems  than  by  acoustical  ones.  The 
primary  reason  for  this  state  of  affairs  is  simple:  sound  waves  are  minimally  attenuated  when  they  propagate  through 
water,  but  strongly  so  through  air;  the  situation  is  essentially  reversed  for  electromagnetic  (EM)  waves. 

Given  such  a  fundamental  physical  constraint,  it  may  seem  surprising  that  there  has  been  renewed  interest  and 
activity  during  recent  years  in  the  development  of  acoustical  systems  for  atmospheric  battlespaces.  Systems  under 
development  by  the  U.S.  Army  that  incorporate  acoustical  arrays  include  the  Brilliant  Antitank  Munition  (BAT),  the 
Remote  Sentry,  the  Wide  Area  Mine  (WAM),  and  the  Intelligent  Minefield  (IMF).  There  are  several  reasons  why 
acoustical  systems  have  overcome  their  inherent  limitations  to  achieve  this  new  popularity.  For  one,  they  are  rela¬ 
tively  inexpensive  and  simple  to  design,  a  benefit  attributable  in  no  small  part  to  modem  capabilities  in  digital  signal 
processing.  This  makes  it  feasible  to  deploy  them  in  large  numbers.  Acoustical  systems  also  are  unaffected  by 
smoke  and  other  obscurants  that  hamper  optical  systems.  They  furthermore  do  not  necessarily  require  a  line-of-sight 
propagation  path,  since  sound  energy  often  readily  penetrates  into  shadow  regions  by  diffraction  and  turbulent 
scattering.  Although  acoustical  systems  never  will  completely  supplant  the  dominant  EM  technologies,  it  does  appear 
that  they  can  beneficially  supplement  existing  EM  systems,  in  many  cases  providing  additional,  useful  information 
on  the  battlefield. 

One  important  characteristic  of  acoustic  arrays  deployed  in  the  atmosphere  is  that  their  performance  depends 
strongly  upon  atmospheric  conditions.  Performance  is  normally  enhanced  by  still,  nighttime  conditions,  and  degra¬ 
ded  by  atmospheric  turbulence  occurring  during  windy  conditions  or  on  a  sunny  day.  This  is  because  array  beam¬ 
forming  relies  on  good  mutual  coherence  between  the  signals  received  by  the  individual  sensors;  turbulence  causes  a 
loss  of  such  coherence.  Effective  deployment  of  acoustic  arrays  requires  understanding  and  quantification  of  this 
turbulent  degradation. 

This  paper  describes  a  theoretical  framework  for  analyzing  turbulence  effects  on  acoustic  arrays  that  are  used  to 
determine  source  bearings.  Some  example  calculations  of  array  performance  are  given  for  typical  atmospheric 
conditions. 
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2.  General  Procedure  and  Assumptions 


As  shown  in  Fig.  1,  the  analysis  of  turbulence  effects  on  sensor  arrays  involves  many  sub-problems:  it  requires 
adequate  characterization  of  atmospheric  conditions,  a  realistic  turbulence  model,  a  realistic  background  noise 
model,  a  suitable  theory  for  acoustic  propagation  through  turbulence,  and  statistical  methods  from  estimation  theory. 
Because  of  the  complex  nature  of  the  problem,  it  is  impossible  to  explore  all  of  the  important  issues  here.  I  will 
focus  on  the  turbulence  modeling,  and  simplify  many  other  aspects  of  the  problem. 


Figure  1:  Interrelationships  of  the  many  sub-problems  involved  in  the  analysis  of  acoustic  sensor 
array  performance  in  the  atmosphere. 


One  simplifying  assumption  I  make  is  that  the  noise  at  the  individual  sensors  is  uncorrelated  and  equal  in 
variance.  This  is  probably  not  a  good  assumption,  in  general:  the  sources  of  noise  that  are  usually  most  significant, 
such  as  other  battlefield  participants  and  wind-induced  pressure  fluctuations,  undoubtedly  produce  correlated  noise. 
Much  remains  to  be  learned  regarding  the  realistic  modeling  of  these  noise  sources. 

I  will  also  assume  that  the  acoustic  propagation  may  be  approximated  by  plane  waves.  This  is  quite  reasonable 
if  the  size  of  the  array  is  small  compared  to  its  distance  from  die  source. 

In  this  paper  I  make  the  distinction  between  angle-of-bearing  and  angle-of-arrival.  Angle-of-bearing  (AOB),  of 
course,  refers  to  the  actual  direction  of  the  source.  Angle-of-arrival  (AOA)  refers  to  the  orientation  of  the  wavefront 
normal  when  the  sound  reaches  the  array.  For  horizontal  arrays  the  two  angles  are  usually  nearly  the  same.  The 
situation  is  quite  different  for  vertical  arrays,  however,  as  shown  in  Fig.  2.  In  this  case  refraction  of  the  sound 
normally  causes  the  AOA  and  AOB  to  be  different.  For  downwind  propagation,  there  are  typically  multiple  ray 
paths  and  hence  a  distribution  of  AOA’s.  For  upwind  propagation,  the  AOA  is  normally  determined  by  the  location 
of  the  “scattering  volume,”  i.e.,  the  region  from  which  the  sound  energy  reaching  the  source  was  scattered  by 
turbulence. 


wind 

Figure  2.  The  effect  of  refraction 
on  the  acoustic  wavefront  angle-of- 
arrival.  In  the  downwind  (or  in  the 
temperature  inversion)  case, 
multiple  arrivals  are  created.  In 
the  upwind  (or  in  the  temperature 
lapse)  case,  the  sound  reaching  the 
receiver  is  normally  scattered  there 
by  turbulence. 

upwind  case 

Because  of  the  refraction  effects,  most  of  the  existing  acoustic  systems  only  attempt  to  determine  horizontal 
source  bearings.  It  is  possible  that  reasonable  vertical  bearings  could  be  obtained  if  a  refraction  model  were 
incorporated  into  the  analysis.  In  this  paper  I  circumvent  the  refraction  issue  by  explicitly  considering  the  accuracy 
of  AOA  estimates;  the  reader  should  keep  in  mind  that  if  vertical  bearings  are  the  concern,  the  AOA  estimate  may 
not  be  useful  without  additional  information. 
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3.  Sensor  Cross  Correlation  Analysis 

It  IS  perhaps  easier  to  discuss  the  steps  shown  in  Fig.  1  in  essentially  reverse  order.  We  will  start  with  the 
sensor  cross  coixelation  analysis,  and  the  ensuing  statistical  analysis  of  AOA  errors.  The  derivation  in  this  section  is 
simito  to  one  given  recently  by  Song  and  Ritcey  (1996),  for  the  case  of  ocean  acoustic  arrays. 

The  received  signal  at  each  sensor  has  contributions  from  the  source  of  interest,  whose  sound  arrives  at  the  angle 
w  ,  as  well  as  from  all  other  sources  (the  “noise”).  Hence  the  total  signal  p(vr,t)  consists  of  additive  contributions 
from  the  source  s{xif,t)  and  the  noise  n(r) : 

P(r.^)  =  s(v^,t)  +  n(r), 

where  f  is  toe,  and  the  bolding  indicates  an  A  x  1  column  vector,  N  being  the  number  of  array  elements 

iinr!!™w  H  ^  normalized  to  unit  variance,  that  the  signal  and  noise  are  mutually 

uncorrelated,  and  that  the  noise  at  each  of  the  sensors  is  equal  in  variance,  we  have 

l^PP  W  =  (p(v^.^)p*  (V^>^))  =  Rss  W + O’"!, 

where  C7„"  is  the  noise  variance,  and  I  is  the  identity  matrix.  The  signal-to-noise  ratio  is  by  definition 

SNR  =  —10  log  (7^^. 

The  source  signal  cross  correlation  matrix  R^(v^)  is  approximately  equal  to  the  element-by-element  product  of  an 
array  steering  matrix  s(v^)  and  a  mutual  coherence  matrix  T.  The  elements  of  these  two  matrices  are.  respectively, 

^mn{¥)  =  exp[- ikd^  cos(y/ - )] 

in  wWch  k  IS  the  acoustic  wavenumber,  is  the  distance  between  sensors  m  and  n  and  the  angle  between  them 
sSoJf  function  T  is  called  the  mutual  coherence  function  (MCF),  and  will  be  discussed  in  the  next 


Figure  3.  Planar  wavefronts  incident  on  a  pair 
of  receivers.  The  distance  between  the  sensors 
is  d  and  the  angle  is  OC . 


According  to  the  Cramer-Rao  theorem,  the  mean-square  error  in  an  angle  of  arrival  estimate  ij/  is  always 
greater  than  or  equal  to  the  inverse  of  the  Fisher  information  matrix  : 

In  our  case  the  Fisher  matrix  is  given  by  the  following  matrix  product  (Song  and  Ritcey,  1996): 
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where  M  is  the  number  of  statistically  independent  samples  used  to  estimate  the  sensor  cross  correlations  (i.e.,  the 
number  of  applications  of  the  beamformer  prior  to  averaging). 

The  inverse  of  the  Fisher  matrix  is  called  the  Cramer-Rao  Lower  Bound  (CRLB).  The  CRLB  gives  the  lowest 
mean-square  error  that  is  theoretically  obtainable.  That  is,  if  we  had  the  best  possible  algorithm  for  converting  the 
sensor  phase  information  to  AOA  estimates,  the  mean-square  error  of  our  estimates  would  equal  the  CRLB. 
Fortunately  it  appears  that  practical  methods  yield  performance  comparable  to  the  CRLB  (Song  and  Ritcey,  1996). 
Actually,  in  the  rest  of  this  paper,  when  I  mention  the  CRLB  I  will  actually  mean  its  square  root.  This  quantity 
corresponds  to  the  best  obtainable  root-mean-square  error,  and  is  more  natural  to  deal  with  since  its  dimensions  are 
linear  rather  than  squared. 


4.  Propagation  Model 


The  MCF  needed  for  the  sensor  cross  correlation  analysis  is  equal  to  the  coherence  between  the  signals  at  two 
receivers.  In  the  case  of  plane-wave  propagation,  the  MCF  is  approximately  (Rytov  et  ai,  1989) 


r{p)  =  exp|-^^[i(0) -Z?(p)]|, 

where  X  is  the  propagation  distance,  p  is  the  separation  between  the  receivers,  and  b{p)  is  the  two-dimensional  (2D) 

correlation  function  (sometimes  called  the  transverse  correlation  function).  The  2D  correlation  can  be  found  from 
the  3D  correlation  R  using  the  equation 

^(^2  ’  '■3  )  =  ^  1  ’  ''2  ’  ''3  , 


in  which  rj  is  in  the  direction  of  propagation,  and  r2  and  rj  are  the  two  transverse  directions.  For  isotropic  turbulence 
p2  ^  b[r2,r^)  =  b{p)^  If  the  turbulence  is  anisotropic,  the  MCF  generally  becomes  a  function  of  r2  and 

rj  instead  of  just  p. 

In  order  to  better  compare  the  behavior  of  the  MCF  corresponding  to  various  turbulence  models,  it  is 
worthwhile  to  define  a  two-dimensional  structure  function  (TSF)  d{p)  such  that 

d{p)  =  2[b{0)-b{p)\. 

The  TSF  is  the  2D  counterpart  of  the  usual  3D  structure  function.  A  quantity  that  is  also  closely  related  to  the  2D 
correlation  and  useful  when  comparing  turbulence  models  is  the  integral  length  scale,  L\ 

C=^\R{j)dr~b{^)- 

If  the  source  of  the  coherence  loss  is  fluctuations  in  the  sound  speed,  then  the  MCF  should  be  computed  using 
the  2D  correlation  function  for  the  index  of  refraction  M  where 

N«-2c'/Co«-r/ro, 

r  being  the  temperature.  (Primes  indicate  fluctuations,  and  the  subscript  “0”  indicates  the  mean  value.)  For  acoustic 
propagation  in  Ae  atmosphere,  however,  it  is  most  frequently  the  situation  that  the  coherence  loss  is  caused  by 
fluctuations  in  the  along-path  wind  speed  .  In  this  case  the  correlation  function  of 

=  -■2t>j  /  Cq 

is  to  be  used  (Ostashev,  1994).  TTie  situation  for  wind  speed  fluctuations  is  further  complicated  by  the  fact  that 
correlation  functions  for  an  isotropic,  homogeneous,  solenoidal  vector  field  are  not  interchangeable  with  those  for  a 
scalar  field.  For  example,  the  functional  form  of  b{p)  for  the  scalar  Gaussian  model  differs  from  the  vector 
Gaussian  model.  These  issues  are  beyond  the  scope  of  this  paper,  however;  the  reader  is  referred  to  Batchelor 
(1953)  and  Wilson  (1996)  for  details. 
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5.  Turbulence  Models 


The  turbulence  model  plays  a  critical  role  in  determining  the  MCF.  A  fully  3D  turbulence  model  is  required  for 
die  computation.  Unfortunately,  most  existing  correlation  and  spectral  equations  for  atmospheric  turbulence  are  ID 
in  nature,  since  they  are  based  on  measurements  made  from  stationary  towers.'  As  a  result  we  are  forced  to  consider 
highly  idealized  turbulence  models  that,  although  they  may  lack  realism,  are  at  least  3D. 

The  simplest  model  is  the  isotropic  Gaussian  model.  It  is  quite  easy  to  handle  analytically,  and  is  not  complete¬ 
ly  unreasonable  for  the  large,  energetic  eddies  in  the  turbulence,  called  the  energy  subrange.  The  disadvantage  of 
the  Gaussian  model  is  that  it  does  not  realistically  describe  the  turbulent  inertial  subrange  (the  eddies  participating  in 
the  cascade  of  energy  from  large  to  very  small  scales).  This  is  a  serious  problem  with  regard  to  array  performance 
evaluation,  since  the  inertial  scales  are  usually  comparable  to  the  spacing  between  the  microphones. 

A  much  better  model  than  the  Gaussian  is  the  von  Kdrmdn.  Like  the  Gaussian  model,  the  von  Karmdn  model  is 
reasonable  for  the  energy  subrange.  The  main  benefit  of  the  von  Kannan  model  is  that  it  also  works  very  well  in  the 
inertial  subrange.  Although  it  is  more  analytically  difficult  to  handle  the  Gaussian  model,  closed-form  results  can 
still  be  obtained  using  the  von  Karmdn  model. 

Like  the  von  model,  the  Kolmogorov  model  is  valid  in  the  inertial  subrange.  It  has  the  additional 

advantage  of  simplicity.  The  disadvantage  is  that  it  is  based  on  scaling  laws  that  are  only  valid  in  the  inertial 
subrange,  being  inapplicable  to  the  energy  subrange.  We  will  see  that  the  energy  subrange  structure  of  atmospheric 
turbulence  does  affect  acoustic  arrays  in  significant  ways. 

The  final  model  we  will  consider  is  the  Wilson  and  Thomson  (1993),  anisotropic,  Gaussian  model.  Due  to  its 
Gaussian  nature  the  Wilson  and  Thomson  model  is  poor  for  the  inertial  subrange.  However,  it  attempts  to  capture 
realistic  anisotropic  features  characteristic  of  atmospheric  turbulence.  It  is  interesting  to  compare  the  Wilson  and 
Thomson  model  to  the  isotropic  Gaussian  model,  in  order  to  learn  about  the  significance  of  the  anisotropy. 

Basic  equations  for  the  different  models  are  listed  in  Fig.  4.  The  Gaussian,  von  Karmm,  and  Kolmogorov 
models  are  plotted  for  comparison  in  Fig.  5. 


6.  Example  Calculations 

All  of  the  example  calculations  we  will  consider  are  for  five  element  uniform-line  arrays.  The  wavefront 
incidence  is  assumed  to  be  broadside  ( =  a  in  Fig.  3).^  Furthermore,  in  the  CRLB  calculations  there  are  assumed 
to  be  M=5  independent  samples. 

Figure  6  shows  the  compares  the  CRLB  from  the  scalar  Gaussian  and  von  Karman  models,  as  a  function  of  the 
spacing  between  the  array  elements  and  the  total  index-of-refraction  variance.  The  SNR  in  both  cases  was  20  dB, 
and  the  integral  length  scale  was  chosen  such  that  .^=5 A,  where  A  is  the  acoustic  wavelength.  The  length  of  the 
propagation  path  was  50  A. 

One  can  conclude  from  the  Fig.  6  that,  at  least  for  this  propagation  distance,  the  effect  of  turbulence  becomes 
important  only  when  cr^  >  10"^ .  There  is  a  general  tendency  for  performance  to  diminish  with  decreasing  array 
spacing.  The  reason  is  that  small  arrays  have  small  phase  differences  between  the  elements,  and  these  small 
differences  are  more  difficult  to  detect  above  the  noise. 

Another  very  noticeable  feature  for  both  models  is  a  peak  in  the  CRLB  (i.e.,  poor  array  performance)  when 
2d  !  X~\0  {d  ^  This  peak  results  from  the  fact  that  most  of  the  turbulent  energy  occurs  around  the  scale  A. 
When  the  spacing  is  much  larger  than  A,  the  phase  differences  between  the  sensors  are  large  enough  that  turbulence 
has  little  effect.  When  the  array  spacing  is  much  less  than  A,  the  phase  fluctuations  tend  to  be  uniform  across  the 
array,  and  hence  do  not  diminish  performance.  The  von  Ktoian  model  suggests  a  greater  sensitivity  to  turbulence  at 

small  spacmgs  than  the  Gaussian  model,  because  it  (more  realistically)  contains  more  small-scale  turbulent  enerev 
(see  Fig.  5). 


Tlie  direction  of  tower-based  spectral  measurement  is  effectively  the  along-wind  direction.  The  time  series  for  the 
tobulent  fluctuations  is  converted  to  a  spatial  series  by  setting  Ax  =  C/Af  ,  where  U  is  the  wind  speed. 

Array  performance  is  best  at  broadside  incidence.  When  the  wavefronts  are  perpendicular  to  the  array  axis,  the 
CRLB  becomes  infinite. 


247 


Gaussian  scalar  model 


von  Karman  scalar  model 


The  scalar  Gaussian  rnodd  is  d^iied  by  ttiefoUov^  condaticxi  functiOT: 
/?(r)=o^  exp^-^j, 

A^ierec^  is  die  varmx^jmdLis  the  Gaussian  lengtfisc^e.  IheccirespaKEi^ 
energy  spectium  is 


^  f  k^L^] 

£(k:)=— P=-ejq)  - 
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aixl  the  tvvo-daneosir^  ccnidadcHifui)^ 
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The  Gaussian  scale  and  iidegral  lengdi  scale  £  are  rdated  by 

C=—LsOSS6L 

2 


The  scalar  von  KMim  modd  is  defined  fcy  the  fdlovwng  energy  ^Decliurn: 
pY  X  4rtl7/6)  gV^ 

where  c?  is  die  variance,  and  ^  is  the  von  Karman  length  scde.  Theoomesponding 
correlation  fimction  is 

where  A!y  is  the  motfified  Bessel  ftaictioa  The  two<fimensionalconelation  function  is 

The  vcn  Karman  length  scale  and  mtegral  loigth  scale  £^ielatedby 

3rti/3) 


Kolmogorov  scalar  model _ Wilson  and  Thomson  model 


1  I>efine  the  structure  flmctionfc^ 

D(r)=([vM-M(8r). 

The  Wilson  and  Thomson  semi-empirical  model  (/  Acoust.  Soc.  Am.  96. 1080) 
is  the  sum  of  six  Gaussian  correlation  functions,  representing: 

1 .  small-scale  temperature  fliiciuaiions 

2.  small-scale  velocity  fluctuations  (along  wind) 

1 

1  Thestructine-furic&aiparaire 

3.  small-scale  velocity  fluctuations  (cross  wind) 

Cl  =  'toD{r)lr^. 

4.  temperature  /  vclcxiity  covariance 

5.  large-scale  velocity  fluctuations  (along  wind) 

6.  large-scale  velocity  fluctuations  (cross  wind) 

The  ^jpTDxiiMe  energy  gjectrum  (valid  for  k/}»\)  is 

The  model  incorpcffates  some  observed  features  of  anisotropy  characteristic 
of  atmospheric  turbulence. 

For  most  common  daytime  conditions  the  small-scale  velocity  fluctuations 

The  appradmaie  twxiiiiensiond  structure  function  (vaKd  for  is 

dominate.  For  propagation  downwind,  the  two-dimensional  correlation  is  then  ; 

where  L^z.  and  The  6.3  is  an  anisotropy  factw,  resulting 

from  vortex  stretching  due  to  wind  shear. 

Figure  4.  Basic  results  for  several  turbulence  models.  More  complete  derivations,  including  the 
vector  forms  of  the  models,  can  be  found  in  Wilson  (1997a). 


Figure  5.  Comparison  of  the  scalar  Gaussian,  von  Karman,  and  Kolmogorov  models. 
On  the  left  are  the  energy  spectra,  and  on  the  right  are  the  2D  correlation  functions 
(TSF's).  The  energy  subrange  corresponds  to  Kd«l  and  p/J»l,  and  the  inertial 
subrange  to  Kd»I  and  p/J«l. 
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The  four  turbulence  models  are  compared  in  Fig.  7.  The  variance  was  set  to  22u^  /  cl ,  where  u,  is  the  friction 
velocity,  and  the  Gaussian  length  scale  was  set  to  z  (Wilson  and  Thomson,  1993).  The  length  scale  needed  for  the 
von  Karmdn  model  can  be  determined  from  the  integral  length  scale,  which  is  known  from  the  Gaussian  scale  (Fig. 
4).  The  Kolmogorov  model  parameters  can  be  determined  from  the  inertial  subrange  asymptote  of  the  von  Karman 
model. 


Figure  7.  Comparison  of  the  four  turbulence  models 
for  windy  atmospheric  conditions. 


The  meteorological  parameters  used  in  the  creation  of  Fig.  7  were  typical  of  a  windy,  neutral  atmosphere: 
u*  —  0.5  m/s,  7^  =  —0.01  K,  and  (the  inversion  height)  =  1(K)0  m.  The  interelement  array  spacing  was  one-half 
wavelength,  the  propagation  distance  was  500  m,  the  array  height  was  2  m,  and  SNR  was  20  dB. 

All  of  the  models  except  for  the  Kolmogorov  one  lead  to  similar  results  at  very  low  frequency.  The 
Kolmogorov  model  performs  well  only  above  1000  Hz  or  so.  The  Gaussian  and  von  Kmnan  models  agree  well  up 
to  several  hundred  Hz.  At  this  point  they  diverge,  because  the  Gaussian  model  does  not  have  a  realistic  inertial 
subrange.  The  reason  why  the  isotropic  Gaussian  and  Wilson  and  Thomson  models  diverge  above  20  Hz  or  so  is 
due  to  the  anisotropy  factor  present  in  the  latter.  The  Wilson  and  Thomson  model  contains  a  factor  of  6.3 
representing  the  stretching  of  eddies  in  the  direction  of  the  wind.  Overall  we  see  that  the  von  Karman  model  is  the 
only  one  that  behaves  reasonably  well  for  all  frequencies,  although  it  does  not  capture  anisotropic  effects  that  are 
evidently  important. 

Figure  8  shows  MCF  and  CRLB  predictions  for  the  Wilson  and  Thomson  model  as  a  function  of  the 
meteorological  conditions.  The  computations  use  the  same  parameters  as  in  Fig.  7,  although  the  frequency  has  been 
fixed  at  200  Hz,  and  u.  and  T.  were  varied.  It  is  evident  that  the  turbulence  effect  depends  more  strongly  on  «.  than 
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on  71 ,  implying  wind  shear-generated  turbulence  plays  a  more  important  role  than  thermal  structure.  Hence  it  is 
often  justifiable  to  neglect  the  effect  of  temperature  fluctuations. 


Figure  8.  Dependence  of  the  MCF  (left)  and  the  CRLB  (right)  on  the  turbulence  scaling  parameters  u*  and  T*. 


7.  Turbulent  Intermittency 

The  analysis  in  the  previous  section  implicitly  assumed  that  the  strength  of  the  turbulence  (e.g.,  the  variance  or 
the  structure-function  parameter),  averaged  over  the  length  of  the  propagation  path,  was  constant.  Although  this  is  a 
standard  assumption,  it  is  probably  not  a  good  one.  In  actuality  the  statistical  properties  of  a  turbulent  flow,  even 
when  the  flow  may  be  considered  homogeneous  and  stationary,  are  a  local  property  of  the  averaging  region  unless 
the  region  is  large  compared  to  the  external  scales  associated  with  the  flow.  In  the  atmosphere,  the  relevant  external 
scale  is  the  boundary-layer  inversion  height,  which  is  on  the  order  of  1  km.  Hence,  unless  an  acoustical  system 
operates  over  scales  of  many  kilometers,  the  variation  in  local  turbulence  properties  could  be  significant. 


Figure  9.  Scattering  from  both  the  non- 
intermittent  and  intermittent  viewpoints. 
The  strength  of  the  turbulence  is 
depicted  (non-rigorously)  by  the 
concentration  of  eddies. 


This  characteristic  of  turbulence  statistics,  called  intermittency,  was  first  described  systematically  by 
Kolmogorov  (1962).  An  illustration  of  the  effect  is  given  in  Fig.  9.  So  far  very  little  research  has  been  done  on 
incorporating  intermittency  effects  into  theoretical  treatments  for  propagation  through  turbulence.  This  is  a 
significant  oversight  firom  the  standpoint  battlefield  acoustics,  and  probably  also  for  many  EM  scenarios.  Among  the 
few  authors  who  have  consider  intermittency  effects  on  wave  propagation  are  Gurvich  and  Kukharets  (1986)  and 
Tatarskii  and  Zavorotnyi  (1985). 

We  can  account  for  intermittency  in  the  Kolmogorov  model  simply  by  using  a  structure  function  parameter  Cy 
that  is  local  (average)  to  the  propagation  path,  in  place  of  its  ensemble  mean  =  {Cy)  (Tatarskii  and  Zavorotnyi, 
1985).  (Tildes  are  used  here  to  indicate  local  parameters.)  The  resulting  local  MCF  is 
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The  local  structure  function  parameter  has  an  approximately  log-normal  distribution  (Kolmogorov,  1962).  That  is, 
InC^  is  approximately  normal.  It  can  be  shown  (Wilson,  1997b)  that  is  less  than  exp(ln(Cy  )-2.15(Ty )  5%  of 

the  time,  and  greater  than  exp(ln(c^)  + 1.1 5(7^)  95%  of  the  time,  where  Cy  is  the  variance  of  inC^ .  These 


particular  values  for  Cy  are  called  the  5%  lower  and  95%  upper  confidence  bounds,  respectively.  The  log-mean  and 
log- variance  parameters  can  be  estimated  from  the  following  formulas  (Wilson,  1997b): 

,  2/3 


a-;=0.161n 


0.3z, 

X 


where  z  is  the  height.  (These  parameterizations  assume  a  neutral  atmosphere.) 

An  example  calculation  of  the  MCF  and  its  confidence  bounds  is  shown  in  Fig.  10.  The  non-intermittent  MCF 
curve  corresponds  to  •  The  lower  5%  confidence  bound  for  the  MCF  is  just  F  evaluated  at  the  lower  5% 

bound  for  given  above,  and  likewise  for  the  upper  95%  bound.  The  actual  mean  MCF  is  (r{p,C^))-  The 

computations  are  for  a  frequency  of  100  Hz,  propagation  distance  100  m,  and  inversion  height  1000  m.  The  index- 
of-refraction  variance  was  2  x  10  ^  The  figure  shows  that  the  actual  mean  MCF  is  not  all  that  different  from  the 
MCF  calculated  using  the  non-inteimittent  theory.  However,  the  non-intermittent  theory  does  neglect  substantial 
variability  in  the  MCF.  At  pU=0.02,  for  example,  coherence  varies  between  approximately  0.2  and  0.95.  When  the 
wind  is  momentarily  weak,  and  hence  the  wind-shear  generated  turbulence  is  momentarily  weak,  excellent  coherence 
is  obtained;  a  strong  gust  nearly  wipes  out  the  coherence. 


Figure  10.  Example  calculations  of  the  MCF  in 
intermittent  turbulence  using  the  Kolmogorov  model. 


CRLB  calculations,  as  a  function  of  frequency  and  propagation  distance,  are  shown  in  Fig.  11.  For  these 
calculations,  m.=0.5  m/s  and  z=2  m.  The  SNR  was  20  dB  and  the  interelement  spacing  was  1  m.  When  the  CRLB  is 
plotted  in  this  manner,  it  is  nearly  independent  of  propagation  distance  near  to  the  source  and  at  low  frequency.  This 
is  the  region  where  array  performance  depends  mostly  on  the  noise  environment.  As  the  frequency  and  distance  are 
increased,  however,  the  CRLB  increases  sharply.  This  is  the  turbulence  effect.  The  turbulence  effect  is  only 
minimally  significant  for  momentarily  weak  winds  (the  5%  lower  bound),  but  becomes  dominant  in  most  cases 
during  a  strong  gust  (the  95%  upper  bound).  At  80  Hz  and  1000  m,  for  example,  the  CRLB  fluctuates  between  0.6 
and  2  deg.  Tracking  schemes  should  be  designed  to  take  advantage  of  this  effect,  by  locking  onto  the  source  during 
the  episodes  of  weak  turbulence,  and  maintaining  the  track  during  temporary  dropouts  due  to  strong  turbulence. 


8.  Conclusions 

When  an  acoustic  array  is  positioned  near  to  a  source,  its  ability  to  produce  accurate  AOA  estimates  and  hence 
track  the  source  is  limited  primarily  by  the  noise  present.  As  the  distance  is  increased,  however,  turbulence  takes 
over  as  the  limiting  factor  in  AOA  accuracy.  The  transition  typically  occurs  at  about  100  m  for  a  frequency  100  Hz 
and  SNR  20  dB. 

A  lack  of  good,  3D  turbulence  models  hinders  accurate  predictions  of  the  performance  of  acoustic  arrays.  The 
main  modeling  difficulty  is  the  anisotropy  occurring  at  large  scales.  Although  imperfect,  the  von  K^dn  model 
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appears  to  be  the  best  overall  choice  for  now.  Gaussian  and  Kolmogorov  models  can  both  be  very  misleading,  since 
they  work  well  for  only  certain  subranges  of  the  turbulence. 

Wind  velocity  fluctuations  caused  by  near-ground  wind  shear  are  almost  always  the  most  important  source  of 
turbulent  degradation  in  AOA  estimates.  Significant  variation  in  the  intensity  of  these  wind  fluctuations  occurs  as 
the  wind  intermittently  weakens  and  gusts.  This  intermittency  can  cause  the  accuracy  of  the  AOA  estimates  to 
fluctuate  dramatically. 


Cramer-Rao  Lower  Bounds  for  u*=  0.5,  Zj  =  1000  m 


Figure  IL  CRLB  calculations  ( in  deg)  showing  the 
effect  of  turbulent  intermittency.  The  calculation  in  the 
top  box  is  for  the  non-intermittent  case.  The  middle  and 
bottom  boxes  are  the  5%  lower  and  95%  upper 
confidence  bounds,  respectively  (i.e.,  the  CRLB 
fluctuates  so  that  it  is  between  the  two  bounds  90%  of  the 
time). 
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INFLUENCE  OF  AIRFIELD  STRUCTURES  AND  COMPLEX  TERRAIN 
UPON  SIMULATED  LOCAL  WIND  FIELDS 


Ronald  M.  Cionco  and  John  H.  Byers 
US  Army  Research  Laboratory 
Adelphi,  Maryland  20783-1155  USA 


ABSTRACT 

The  High  Resolution  Wind  model,  HRW,  is  used  to  simulate  the  influence  and 
effects  that  complex  terrain  and  land  morphology  features  such  as  airfield 
structures  have  on  wind  fields.  Fort  Hunter-Liggett  airfield  is  the  site  selected 
for  this  study  and  the  high  resolution,  terrain  elevation  data  base,  PEGASUS,  for 
Fort  Hunter-Liggett  is  used  as  the  digitized  terrain  input  for  the  model. 
Structures  such  as  three  airfield  buildings  prescribed  for  other  aspects  of  the  study 
are  defined  for  model  input.  Two  contrasting  sets  of  meteorological  conditions 
are  identified  from  Fort  Himter-Liggett's  data  archives.  Meteorological  fields  of 
wind  vectors  and  wind  streamlines  are  produced  by  HRW.  Both  scenarios  exhibit 
a  changing  wind  field  over  the  variable  moimtainous  terrain  flanking  each  side  of 
the  valley.  Wind  fields  in  the  valley's  smoother  terrain  are  relatively  uniform 
except  in  and  about  the  airfield's  buildings.  An  additional  analysis  is  also  applied 
to  further  quantify  and  interpret  the  influence  and  effects  of  terrain  and  structures 
upon  the  localized  wind  fields  as  well  as  for  applications  such  as  the  release  of 
smoke  and  obscurants  for  a  battlespace  environment.  Results  show  that  wind 
fields  are  readily  influenced  by  stmctures  to  cause  accelerations  and  decelerations 
or  change  of  direction  within  a  few  hundred  meters  downwind.  The  HRW  model 
clearly  detects  and  responds  to  the  presence  of  structures  on  terrain  that  is  also 
variable  in  nature. 


1.  INTRODUCTION 

US  Army  Research  Laboratory's  (ARL)  High  Resolution  Wind  model  (Cionco  1985),  HRW,  is 
used  to  simulate  the  interactions  and  effects  that  complex  terrain  and  land  morphology  features, 
such  as  buildings,  have  on  wind  fields  over  an  airfield.  Fort  Hunter-Liggett's  airfield  in 
California  is  the  site  selected  for  this  study.  The  high  resolution  terrain  elevation  data  base, 
PEGASUS,  for  Fort  Hunter-Liggett  is  used  as  the  digitized  terrain  input  for  the  model.  Three 
airfield  buildings  prescribed  for  other  aspects  of  the  study  are  defined  also  for  model  input.  Two 
contrasting  sets  of  meteorological  conditions  are  identified  from  Fort  Hunter-Liggett's  data 
archives.  Meteorological  fields  of  wind  vectors  and  wind  streamlines  are  numerically  simulated 
by  HRW.  An  additional  analysis  (Cionco  and  Byers,  1993)  is  also  applied  to  further  quantify 
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the  influence  and  effects  of  terrain  and  structures  upon  the  locahzed  wind  fields  as  well  as  for 
numerous  applications  such  as  the  release  of  smoke  and  obscurants.  Examples  of  the  simulated 
wind  fields  are  shown  for  the  full  domain  and  also  for  the  limited  area  focused  and  magnified 
at  the  airfield  site. 

2.  APPROACH 

Several  simulation  tools  are  identified  and  two  differing  scenarios  for  analysis  are  established. 
The  tools  to  be  used  are  a  high-resolution  wind  flow  model/code,  digitized  terrain  elevation, 
building  structure  data  sets,  and  meteorological  data  for  model  initiahzation.  ARL's  HRW  code 
is  selected  to  simulate  the  desired  meteorological  fields.  Fort  Hunter-Liggett  airfield  is  the  site 
selected  for  this  simulation  study.  The  PEGASUS  high-resolution,  terrain  elevation  data  base  is 
used  as  the  digitized  terrain  elevation  input  for  the  code.  Figure  1  shows  the  terrain  as  contoured 
values  ranging  from  280  m  to  420  m.  The  airfield  runway  and  buildings  are  also  plotted  in  this 
figure.  The  three  airfield  buildings  are  shown  enlarged  in  figure  2  where  the  two  hangers  and 
control  tower  are  located  northwest  of  the  apron  for  Scenario  A.  Note  that  for  Scenario  B,  the 
buildings  are  relocated  to  the  southeast  of  the  apron. 


Hunter  Liggett-Sk®  x5km  Area  -  Scenario  “A“ 


Figure  1.  Contoured  topography  of  the  5Km 
X  5Km  Ft.  Hunter-Liggett  domain  including 
the  airfield  runway,  apron,  and  buildings. 


Figure  2.  An  enlarged  image  of  the  airfield 
apron  and  buildings  for  Scenario  A.  Note  that 
for  Scenario  B  the  buildings  are  located 
along  the  southeast  edge  of  the  apron. 
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Two  contrasting  sets  of  meteorological  conditions  are  identified  from  the  Fort  Hxmter-Liggett 
Meteorological  Team's  data  archives  and  presented  in  Table  1. 


TABLE  1.  METEOROLOGICAL  CONDITIONS 


VARIABLES: 

I 

SCENARIO  A 

I 

SCENARIO  B 

__  _  _  _  j  - 

WIND  SPEED 

.  . . j 

5.0  M/S 

2.7  M/S 

DIRECTION 

137.5® 

311.5® 

TURBULENCE 

MODERATE 

LOW 

STABILITY 

UNSTABLE 

STABLE 

SUN  ANGLE 

HIGH 

LOW 

Scenario  A  is  a  late  morning  condition  with  a  high  sun  angle  and  slightly  unstable  atmosphere 
with  a  wind  speed  of  5.0  m/s  from  the  southeast  (up  valley)  and  higher  turbulence  levels. 
Scenario  B  is  prescribed  to  be  for  a  stable  atmosphere  just  at  sunrise  with  a  low  sim  angle  and 
a  wind  speed  of  2.7  m/s  from  the  northwest  (down  valley)  and  lower  turbulence  levels.  Both 
scenarios  are  for  the  same  day. 

3.  THE  SIMULATION  MODEL 

Two  models  are  available  at  the  US  ARL,  to  analyze  flow  fields  over  complex  terrain  and  land 
morphology  features.  They  are  (1)  the  High-Resolution  Wind  Model,  HRW,  and  (2)  the  Canopy- 
Coupled  to  the  Surface  Layer  Model,  C-CSL  (Cionco,  1985).  The  High  Resolution  Wind  Model, 
HRW,  is  chosen  to  simulate  the  influence  and  effects  complex  terrain  and  morphology  features 
(buildings)  have  on  wind  fields.  These  simulations  are  also  used  for  the  terrain  effects  analysis 
described  herein. 

3.1  The  wind  model 

HRW  is  a  two-dimensional,  diagnostic,  time  independent  model  that  simulates  the  wind  flow  over 
a  grided  area  of  5  km  by  5  km  with  a  preferred  spacial  resolution  of  1(K)  meters.  The 
computational  domain  size  can  range  from  2  km  by  2  km  to  20  km  by  20  km  with  grid 
resolutions  of  40  meters  to  400  meters  respectively.  The  thickness  of  the  computational  layer 
is  defined  as  1/lOth  the  magnitude  of  the  grid  size. 

Beginning  with  initial  uniform  wind  and  temperature  fields,  the  simulation  results  are  obtained 
by  a  direct  variational  relaxation  of  the  wind  and  temperature  fields  in  the  surface  layer.  The 
solution  is  reached  when  the  internal  constraint  forces  imposed  by  the  warped  terrain  surface, 
thermal  structure  and  the  requirement  for  flow  continuity  are  minimized.  The  procedure  makes 
use  of  Gauss'  Principle  of  Least  Constraints  (Lanczos,  1962)  which  requires  these  forces  to  be 
minimized  in  order  to  satisfy  the  equations  of  motion.  When  applied  to  the  surface  layer,  this 
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procedure  also  requires  the  use  of  empirical  wind  and  temperature  profiles. 

3.1.1  Input  data 

For  the  application  described  herein,  an  area  of  5  km  by  5  km  with  a  grid  size  of  100  meters  is 
used  for  the  two  simulation  cases.  Terrain  elevation  is  required  at  100  meter  intervals  in  x  and 
y  coordinates  for  the  entire  area  of  interest.  Land  morphology  feature  mformation  such  as 
building  structures  can  also  be  used  as  input  in  a  digital  format.  The  uutialization  of  the  model 
requires,  as  a  minimum:  wind  speed  and  direction,  temperature,  and  pressure  from  one  local 
surface  station  at  the  10  m  level  and  one  upper  air  sounding  of  temperature  and  pressure-height 
profiles  to  estimate  the  atmospheric  stability  (buoyancy)  of  the  domain.  Note  that  data  from  only 
one  site  are  used  to  start  the  simulation.  Similar  data  from  additional  soundings  and  surface 
stations  can  also  be  used  for  initialization. 

3.1.2  Simulated  data  fields 

The  resulting  output  is  in  the  form  of  listings  and  binary  random  access  archive  files  containing 
simulated  values  for  the  wind  and  other  meteorological  parameters.  Simulated  x,y  fields  of  the 
u  and  V  wind  components  and  their  vector  field,  streamline  flow,  potential  temperature,  friction 
velocity,  the  power  law  exponent,  and  Richardson's  Number  are  computed.  Scenario  A  s 
simulated  vector  field  and  streamline  flow  field  are  shown  in  figures  3  and  4.  For  the  full 
domain,  vector  magnitudes,  in  general,  range  from  4.5  to  5.5  m/s  except  in  the  mountainous 
areas  and  immediately  over  the  airfield  structures  noted  as  white  areas  ( i.e.,  no  vector  is  plotted) 
where  speeds  are  accelerating  110  to  150%  of  the  input  velocity  (5.0  m/s)  in  figure  3. 
Directionally,  the  streamlines  show  changes  in  figure  4  throughout  the  domain,  but  most  notably 
in  die  mountainous  areas  and  a  slow  sweeping  change  upvalley.  The  simulated  vector  field  and 
streamline  flow  field  for  Scenario  B  are  presented  in  figures  5  and  6.  In  general,  more  areas  of 
accelerating  speeds  are  occurring  noted  again  by  the  'white'  areas  over  the  mountainous  areas, 
along  the  terrain  contours,  and  above  the  buildings  in  figure  5.  Locations  of  greatest  acceleration 
are  generated  in  the  midst  of  the  heavily-contoured  terrain  northeast  and  southwest  of  the  valley. 
Streamline  patterns  show  changes  everywhere  in  figure  6  with  areas  of  convergence  and 
divergence  and  a  distinct  directional  response  to  the  presence  of  the  airfield  structures. 

3.2  Adverse  impact  analysis 

Oiur  terrain  effects  analysis  method  (Cionc  and  Byers,  1993)  provides  a  means  to  interpret  the 
meteorological  output  from  HRW  for  a  customized  usage  and  assessment.  The  metiiod  uses  the 
microscale  wind  flow  model  output  and  a  visualization  technique.  The  method  provides  a  simple 
means  for  quick  and  easy  quantification  of  the  wind  effects  and  identifying  those  areas  that  may 
be  adversely  or  favorably  affected  by  or  impacted  upon  during  your  field  activities.  An 
appropriate  set  of  criteria  for  the  activity  being  analyzed  is  applied  to  these  simulated  fields  such 
as  wind  to  determine  the  degree  that  these  terrain  effects  may  or  may  not  impact  on  your  field 
operations.  Each  type  of  operation,  study,  or  experiment  has  its  own  particular  criteria  that  you, 
the  user,  must  establish. 


The  method  involves  analyzing  the  newly  simulated  field  in  comparison  to  the  initialized  field: 
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HRH  Hind  Vector  Field  -  Scenario  'A' 


HRW  Streamlines  -  Scenario  *A 


Julian- Day:  351  Time:  1045 
Wind  Direction  :  137.5  Deg 
Wind  Speed  :  5.0  n/s 

Figure  3.  The  simulated  field  of  wind  Figure  4.  Streamline  field  of  wind  flow 

vectors  for  Scenario  A  (upslope  flow)  for  Scenario  A. 


HRH  Hind  Vector  F3e)d  -  Scenario  'B"  """  sireamj  11.03  rjojo  -  o..c..a, 


Julian  Day:  351  Time:  0745 
Wind  Direction  :  311.5  Deg 
Wind  Speed  :  2.7  n/s 

Figure  5.  The  simulated  field  of  wind  Figure  6.  Streamline  field  of  the 

vectors  for  Scenario  B  (downslope  flow)  simulated  wind  flow  for  Scenario  B. 
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EFFECT  =  FINAL  SIMULATED  FIELD  -  INITIAL  FIELD 

More  specifically,  the  wind  speed  effect  and  the  wind  direction  effect  are  determined  separately, 
first.  The  Wind  speed  Effect  (E^J  is  the  difference  between  the  values  for  the  final  simulated 
wind  speed  field  (S^)  and  the  initial  wind  speed  field  (S;): 

Ews  =  S3  -  Si 

The  Wind  Direction  Effect  (E,,^)  is  the  difference  between  the  values  for  the  final  simulated  wind 
direction  field  (D3)  and  the  initial  wind  direction  field  (Dj): 

Ewd  =  Ds  -  Si 

A  qualitative  assessment  of  the  Total  EFFECT  can  be  made,  first,  by  combming  the  effects  of 
the  two  difference  fields.  To  quantify  these  effects,  a  set  of  appropriate  operational  criteria  is 
established  for  the  phenomena  under  study  or  test.  Three  levels  of  EFFECT  are  defined  for 
aerosol  diffusion  studies  and  field  experiments:  Light,  Moderate,  and  Severe. 

The  results  can  be  visualized  by  next  constructing  color-coded  maps  (not  provided  herem) 
showing  the  degree  of  the  wind  effects.  The  effect/  impact  can  then  be  quickly  and  easily 
assessed  when  the  terrain  features,  vector  or  streamline  field  of  the  domain  are  added  to  these 
maps.  Examples  of  terrain  and  structures  effects  analyses  are  given  for  Scenario  A  in  figure  7 
and  Scenario  B  in  figure  8  as  derived  from  simulated  high-resolution  wind  fields.  Both  speed 
and  directional  effects  are  shown  here.  Although  the  gray  scale  rendition  of  the  original  color- 
coded  figures  is  marginal,  one  can  discern  the  areas  of  light,  moderate,  and  severe  impacts  for 
speed  and  direction  as  dark,  white,  and  heavy  black  boxes  and  no  hatching  (no  symbol),  hatching, 
and  cross-hatching  areas  respectively.  For  Scenario  A  in  Figure  7,  the  analysis  field  generally 
exhibits  a  light  impact  whereas  the  white  areas  indicate  a  moderate  impact  and  the  heavy  black 
boxes  within  the  white  areas  are  severe  impact  locations.  The  hatch  patterns  denote  areas  of 
moderate  directional  impact.  For  Scenario  B  in  figure  8,  the  valley  is  now  a  light  to  moderate 
impact  area  and  the  mountainous  slopes  are  producing  moderate  to  severe  adverse  terrain  effects 
upon  both  speed  and  direction. 

4.  RESULTS 

Zooming  in  to  a  1  Km  by  1  Km  area  to  inspect  the  building's  effects  upon  the  flow,  we  note  that 
HRW  is  capable  of  detecting  and  responding  to  the  presence  of  structures  positioned  on  the 
smoother  valley  floor.  In  the  vicinity  of  the  buildings.  Scenario  A  shows  changes  in  wind  speed 
with  only  minor  directional  changes  in  figure  9  and  Scenario  B  exhibits  both  wind  speed 
acceleration  and  direction  changes  in  figure  10.  Recall  that  the  white  areas  are  for  vectors 
depicting  notable  accelerations.  The  adverse  impact  analysis  readily  depicts  increased  interactions 
and  building  effects  in  figures  1 1  and  12.  The  impact  of  the  buildings  for  Scenario  A  (figure  11) 
is  moderate  (white  areas)  for  wind  speed  accelerations,  but  only  light  (no  hatching  pattern)  for 
directional  changes.  For  Scenario  B  in  figure  12,  the  unpact  of  the  buildings  is  notably  moderate 
for  both  wind  speed  (white  areas)  and  direction  (hatching  pattern). 
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HRH  Adverse  Impact  Areas 


Scenario  'A* 


HRH  Adverse  Impact  Areas 


Scenario  'B* 


Julian  Day:  351  Time:  1045 
Hind  Direction  :  137.5  Deg 
Hind  Speed  :  5.0  m/s 


Difference  in  Speed 


Difference  in  Direction 


■r“TTo*  V 

<  10  Deg 

•  >  lOX  <  50% 

1 

10  <  30  OepS^ 

Julian  Day:  351 
Wind  Direction  : 
Hind  Speed  : 


Time:  0745 
311.5  Deg 
2.7  m/s 


Figure  7.  Terrain  effects  analysis  depicting  Figure  8.  Terrain  effects  analysis  depicting 
areas  of  adverse  impact  for  Scenario  A.  areas  of  adverse  impact  for  Scenario  B. 
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Figure  9.  Close-up,  localized  view  of  the 
simulated  vector  field  in  and  about  the 
airfield  for  Scenario  A. 


Figure  10.  Qose-up,  localized  view  of  the 
simulated  vector  field  in  and  about  the 
airfield  for  Scenario  B. 
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fJRH  AtJrrrtnr-  impact- Hongaj-  Area  -  Scrnaric 


WH  'Avers-^  'Jtnpod— Hangar  Area  —  Sccnari-O' 


Figure  11.  Close-up,  localized  view  of  the  Figure  12.  Close-up,  localized  view  of  the 
building  effects  for  Scenario  A.  building  effects  for  Scenario  B. 
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5.  CONCLUSIONS 


The  HRW  model  clearly  detects  and  responds  to  the  presence  of  structures  in  a  terrain  domain 
that  is  also  variable  in  nature.  For  the  full  domain,  both  scenarios  exhibit  a  changing  wind  field 
over  the  variable  mountainous  terrain  flanking  each  side  of  the  valley.  Wind  fields  in  the  valley's 
smoother  terrain  are  relatively  uniform  except  in  and  about  the  airfield's  buildings.  A  closer  look 
at  Scenario  A  shows  that  simulations  produce  both  terrain  and  building  influences  and  effects  on 
wind  speed  and  direction.  Scenario  B  with  the  lower  speed  regime  shows  a  greater  degree  of 
influence  and  effect  particularly  in  and  about  the  buildings  than  did  the  Scenario  A  simulations. 


An  additional  analysis  is  also  applied  to  further  quantify  the  influence  and  effects  of  terrain  and 
structures  upon  the  localized  wind  fields  for  applications  such  as  the  release  of  smoke  and 
obscurants.  Results  of  the  adverse  impact  analysis  also  show  that  both  adverse  and  favorable 
impact  areas  are  readily  identified  as  speed  or  direction  changes  within  a  few  hundred  meters 
downwind  of  structures  and  terrain  features.  A  release  of  smoke  and  obscurants  in  these  two 
contrasting  scenarios  clearly  will  be  influenced  and  affected  by  the  interaction  with  both  variable 
terrain  and  airfield  structmes. 
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1.  INTRODUCTION 

real-time  detailed  vertical  structure  of  wind  velocity  is  of  great  interest  to  Air  Force  operations  such  as 
precision  cargo  drops  and  high  altitude  bomb  delivery.  Aerosols,  clouds,  and  precipitation  can  also  greatly  affect 
the  performance  of  optical  sensors  and  weapons  systems  —  both  passive  and  active  —  fiom  the  visual  through  the 
long-wave  infrared  region. 


To  better  understand  the  factors  involved  in  real-time  measurement  of  range-resolved  wind  velocity  and 
aerosol  backscatter  under  various  atmospheric  conditions,  the  Phillips  Laboratory’s  Geophysics  Directorate 
developed  and  fielded  a  ground-based  eye-safe  CO2  Doppler  lidar.  The  lidar  has  provided  wind  and  aerosol 
backscatter  proves  in  support  of  several  Department  of  Defense  field  programs  including  ballistic  wind 
determination,  high  altitude  cargo  drops,  post-detonation  cloud  tracking  and  diffusion,  and  high  resolution  ground- 
to-space  imaging. 

2.  LIDAR  DESCRIPTION 

The  Geophysics  CO2  Doppler  lidar  is  a  transportable  pulsed  heterodyne  lidar  system  operating  at  a  wavelength 
of  ^proximately  10.6  pm.  The  laser  lines  are  generated  by  Transverse  Excited  Atmospheric  (TEA)  CO2  electric 
discharge  lasers  using  an  80%  mixture  of  buffer  gases  (He  and  N2)  with  the  CO2.  The  laser  output  energy  is  about 
60  mJ  (60  X  10'  Joules)  with  a  pulse  repetition  frequency  of  60  Hz.  The  laser  scanning  mirror  possesses  a 
hemi^heric^  field-of-view.  The  range  gates  along  the  laser  line-of-sight  are  approximately  150  meters. 
Characteristics  of  the  CO2  Doppler  lidar  are  listed  in  Table  I.  In  addition  to  measurement  of  the  range-resolved 


_  Phillips  Laboratory  CO?  Doooler  IJdar 

Wavelength 

10.6  |uin 

Pulse  Energy 

60-100  X  10-’  Joules  (mJ) 

Pulse  Rep.  Frequency 

10-100  s'*  (Hz) 

Pulse  Length 

'-lx  lO"^  s  (usec) 

Range  Gate  Length 

150  m 

Laser 

TEA  Electric  Discharge 

Gas 

CO2  with  80%  mixture  of  N2  and  He  Buffer  Gases 

Telescope 

30  cm  Mersenne 

Scanner 

Hemispherical 

Processor 

Programmable  DSP  Array 

Table  1.  CO2  Doppler  lidar  characteristics 

radial  wind  component,  the  lidar  also  measures  relative  aerosol  backscatter  which  can  be  used  to  determine  the 
location  of  aerosols  and  clouds.  As  an  example,  a  time-height  cross-section  of  relative  backscatter  measured  at 


*  Corresponding  author  address:  Lt  Col  John  R.  Roadcap,  USAF.  PUGPOL,  29  Randolph  Road,  Hanscom  AEB, 
Massachusetts  01731-3010  DSN  478-3016  fax:  DSN  478-3661  e-mail:  roadcap@plh.af.mil 
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Hanscom  AFB  by  CO2  Doppler  lidar  is  shown  in  Figure  1.  Regions  of  enhanced  backscatter  fw  this  particular 
period  were  found  near  the  atmospheric  boundary  layer  below  1.5  km  (AGL),  within  a  relatively  thick  cirrus  layer 
between  6  and  7  km,  and  in  a  thinner  cirrus  layer  between  10  and  12  km. 


Figure  1.  Time-height  cross-section  of  relative  backscatter  measured  by  CO2  heterodyne  lidar  at  Hanscom  AFB, 
Massachusetts  on  2  My  1996 


3.  WIND  VELOaXY  DETERMINATION 


VAD  Tecimique 


Figure  2.  The  Velocity-Azimuth  Display  (VAD)  technique  uses  harmonic  analysis  of  radial  velocity  as  a  function 
of  azimuth  angle  to  determine  horizontal  wind  velocity 
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aerosSrhfrlSS  .h  ^  hemispherical  field-of-view  and  leUes  on  ambient  background 

c^  ma^v  kuiematic  propemes  of  the  wind  field  in  clear  air  (given  sufficient  backscatter)  above 

VelSSutffDS.lt  conditions  where  the  wind  field  is  homogeneous.  The  method  used  is  the 

Qi  o  f  1™*!*  Display^AD)  techmque  (see  Figure  2)  which  involves  scanning  the  lidar  about  a  vertical  axis 

te  ^  c^fflcienls,  the  horizontal  mnd  vector  and 

sho^^Sinon'^'e  ’””f  t?  *e  tiscd  to  cotistriict  each  VAD  scan  consisting  usually  of  1000  laser 

shots  per  ^_^tion.  The  use  of  16  pomts  to  construct  the  VAD  curve  is  necessary  to  adequately  represent  the  VAD 

thT^iWhf!^  ““irnized  consistent  with  the  available  backscatter.  Figure  3  illustrates  both 

vio  curves  S  seveS 

used  to  d^eiiSl  to  w  Alternating  low  (<  5  deg.)  and  high  (-  30  deg.)  elevation  angle  scans  are 

^to  detune  low  level  (near  surface  to  500  m)  and  higher  level  (200  m  to  4  km)  profiles  of  horizontal  wind 

A  period  of  approximately  five  minutes  is  required  to  complete  each  scan  nonzontai  wind. 


PHETS-07/20/96 

RADIAL  VELOCITY  MAP  with  VAD  CURVES 
13:54  Z  (009)  EL=30'> 
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Figure  3.  of  VAD  curves  for  different  range  gates  at  30  degree  elevation  angle.  New 


Mexico, 


4.  MEASUREMENT  ACCURACY 

The^goiithm  used  to  extract  radial  velocity  from  the  Power  Spectral  Density  (PSD)  -  the  souare  of  the  Fact 
Fo^Tranrfonn  of  lidar  pdserenmis  -  conai®  of  two  pane,  me  Ors.  isaae^h  algcStoS  »fdS 
Md  locaK  the  atgnal  ap«M  feature  in  the  PSD.  Then,  a  centroid  algorithm  finda  the 

mStaZ.  O'  “'“vala  about  thia 


,C  irfi**?.  ^®*®^P^gori*hm  there  are  two  easUy  distinguishable  Signal-to-Noise  ratio  (SNR)  regimes  The  SNR 
foZ^  d  U-PMO  of  the  aum  of  the  aignal  over  the  centroid  interval  m  the  expited  ^^tiollofte 

ZZTZ  high  SNR,  the  extraction  accuracy  is  limited  by  file 

ceroid  analysis  -  i  e.,  by  the  abihty  to  determine  the  center  fiequency  of  a  weU-defined  but  noiL  feature  Z  the 
SNR  decrees,  a  pomt  is  reached  where  the  search  algorithm  identification  of  the  signal  spec^fS^  be^me! 

mcreasmgly  suspect.  Below  this  SNR,  the  velocity  measurement  error  can  drastic^f tocSSe  A  SfSS 
measurement  error  for  sufficiently  high  SNR  is  <  1  m/s.  mcrease.  a  typical  velocity 
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Yuma,  Arizona 

Top 

Starfire  Range,  N.M. 

Top 

(Times  MST) 

(km-AGL) 

(Times  MDT) 

(km-AGL) 

6  March  1034 

5.8 

15  October  2315 

2.5 

7  March  1529 

7.3 

16  October  1950 

4.5 

8  March  1444 

5.2 

17  October  2138 

2.5 

8  March  1450 

5.5 

18  October  1928 

2.5 

9  March  1111 

4.9 

22  October  1420 

1.5 

9  March  1136 

5.8 

24  October  0120 

2.5 

9  March  1152 

5.8 

25  October  0053 

3.0 

Table  2.  Apparent  aerosol  wind  layer  tops  determined  from  CO2  Doppler  lidar  during  1996 

The  RMS  VAD  deviation  has  two  components:  (1)  a  SNR-dependent  part  indicative  of  velocity  extraction 
errors  as  discussed  above,  and  (2)  a  SNR-independent  part  indicative  of  the  atmospheric  wind  field  deviations  in 
the  sampled  volume  fixjm  the  homogeneous  and  horizontal  model.  With  typical  16  azimuth  point  VAD  scans  and 
using  prior  knowledge  gained  from  preceding  VAD  scans,  we  have  found  that  reliable  velocity  extraction  can  be 
extended  down  to  SNRs  on  the  order  of  4.  Using  this  SNR  threshold,  in  the  absence  of  clouds,  the  upper  height 
for  wind  velocity  retrieval  can  vary  widely  depending  on  location  and  weather  conditions.  Table  2  illustrates 
examples  of  daily  variation  m  upper  height  limit  for  wind  retrieval  by  the  CO2  Doppler  Udar  associated  with  the 
rapid  decrease  in  aerosol  density  above  the  surface. 

5.  MEASUREMENT  RESULTS 

5. 1  Synoptic  Weather  Overview 

Two  recent  senes  of  observations  have  been  selected  to  illustrate  the  CO2  DopplCT  lidar  measurement  capability. 
The  first  set  was  taken  in  March  1996  near  Yuma,  Arizona  where  the  dry  stable  troposphere  was  in  general 
dominated  by  broad  high  pressure  (see  Figure  4).  On  the  6  of  March,  a  strong,  dry  cold  front  ahead  of  a  high 
pressure  system  centered  over  northern  Nevada  had  just  passed  through  the  observation  area.  On  9  March,  a  west- 


Figure  4.  Surface  and  500  mb.  analyses  for  12  GMT  on  6  and  9  March  1996.  marks  Udar  observation  site 
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SATURDAY,  JULY  20,  19^6 


Figure  5.  Surface  and  500  mb.  analysis  for  12  GMT  on  20  July  1996.  marks  lidar  observation  site. 

east  sea  level  pressure  gradient  across  southern  Arizona  was  induced  by  an  Arctic  high  centered  over  the  Great 
Plains.  Persistent  thin  cirrus  associated  with  the  subtropical  jet  stream  was  present  during  both  days.  The  other  set 
of  observations  was  made  during  July  1996  in  the  Jomado  Del  Muerto  region  of  New  Mexico  about  40  miles 
southeast  of  Socorro.  The  New  Mexico  observations  occurred  during  the  relatively  moist  summer  season  typically 
characterized  by  strong  diurnal  forcing  with  clear  mornings  and  scattered  afternoon  thunderstorms.  The  sea  level 
pressure  gradient  was  very  weak  over  this  region  (Figure  5). 

5.2  Arizona  March  Observations 

Two  lidar  measurement  profiles  of  wind  velocity  and  SNR  fix)m  6  and  9  March  1996  are  shown  in  Figures  6 
and  7  respectively.  For  6  March,  lidar  observations  show  low  level  northwesterly  flow  between  5(XX)  ft.  and  100(K) 
ft.  AGL.  A  steady  wind  speed  increase  with  height  is  also  evident  accompanied  by  strong  backing  above  10,000  ft. 
The  SNR  profile  shows  a  sharp  decrease  with  height  such  that  the  SNR  threshold  for  useable  radial  velocity  was 
being  approached  by  10,000  ft.  Between  18,0(X)  and  39,000  ft.,  the  SNR  values  were  too  low  (SNR  <1.0)  to 
accurately  compute  radial  velocity.  Thus,  the  small  SNR  prevents  the  determination  of  horizontal  wind  velocity 
using  the  VAD  technique.  Above  39,000  ft.,  sufficient  backscatter  firom  thin  cirrus  allowed  determination  of  wind 
velocity  to  at  least  43,000  ft.  On  9  March,  a  low  level  easterly  jet  (which  was  also  quite  dry  relative  to  the 
adjacent  layers)  was  established  below  5,0(X)  ft  Above  this  level,  wind  speeds  decreased  up  to  15,0(X)  ft.  where  the 
flow  became  northwesterly.  Most  striking,  however,  are  the  much  higher  SNR  values  below  15,000  ft.  when 
compared  with  the  6  March  observations.  Also,  due  to  an  invading  thicker  but  lower  cirrus  layer,  wind  retrievals 
were  possible  up  to  35,000  ft.  except  for  a  5000  ft.  layer  of  relatively  low  SNR  just  above  19000  ft  AGL. 


267 


Post  Cold  Front  Passage  —  Surface  High  over  Nevada 


Figure  6.  Wind  velocity  and  Signal-to-Noise  ratio  vertical  profiles  for  Yuma  at  1734  GMT  on  6  March. 


Arctic  High  Over  Plains  -  Sharp  Ridge  Aloft 


Figure  7.  Wind  velocity  and  Signal-to-Noise  ratio  vertical  profiles  for  Yuma  at  1652  GMT  on  9  March. 

5.2  New  Mexico  July  Observations 

A  set  of  morning  and  afternoon  VAD  wind  observations  in  and  just  above  the  boundary  layer  was  made  on  20 
My  1996  in  the  Jomado  Del  Muerto  region  of  south  central  New  Mexico.  These  illustrate  the  Doppler  lidar’s 
ability  to  measure  the  rapidly  changing  wind  profile  as  the  boundary  layer  is  modified  botfi  by  insolation  and 
afternoon  thunderstorm  activity.  On  the  morning  of  20  My,  southern  New  Mexico  was  dominated  by  weak  low 
pressure  at  the  surface  and  weak  high  pressure  aloft  (see  Figure  5).  Skies  remained  clear  overnight  favoring 
radiational  cooling  of  the  boundary  layer.  The  morning  VAD  wind  profiles  clearly  show  the  evolution  and  decay 
of  a  low  level  jet  (LLJ)  centered  near  800  m  AGL  (Figure  8).  The  LLJ  is  directed  from  S W-NE  with  a  peak  core 
speed  of  16  knots.  Above  its  core,  the  winds  veer  gradually  to  a  NE  direction  by  ~  3.5  km  AGL.  By  1630  GMT, 
the  jet  core  rises  to  about  1  km  and  the  peak  speed  is  reduced  to  about  8  knots.  A  secondary  wind  maximum  (NW 
direction)  is  located  just  below  2  km  with  a  peak  speed  half  that  of  the  low  level  jet 
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TIME-HEIGHT  WIND  VELOCITY  CONTOURS 
(Pre-Detonation) 


20  Juty  1996  WSMR  (PHETS  SHe)  GPOL  Doppler  Udar  U  Comp 


_20  July  1996  WSMR  (PHETS  Siie)  GPOl  Doppler  Lidor  V  Comp.  (KIs) 


13  14 


15  16  17 

Tim»  (GMT) 


Figure  8.  Time-height  wind  velocity  stracture  measured  by  COj  Doppler  lidar  on  morning  of  20  July  1996. 


TIME-HEIGHT  WIND  VELOCITY  CONTOURS 
(Post-Detonation) 

_^0  July  1996  WSMR  (PHETS  Site)  GPOL  Doppler  Lidor  U  Comp.  (Kts) 


20:30  20:45  21:00  21:15  21:30  21:45  22:00 

Time  (GMT) 


20  July  1996  WSMR  (PHETS  Site)  GPOL  Doppler  Lidor  V  Como.  fKts) 


20:30  20:45  21:00  21:15  21:30  21:45  22:00 

Time  (GMT) 


Figure  9.  Time-height  wind  velocity  stracture  measured  by  CO2  Doppler  lidar  on  afternoon  of  20  July  1996. 

The  afternoon  VAD  wind  profiles  from  20  July  are  shown  in  Figure  9.  They  indicate  a  steady  SW  flow  below 
800  meters  with  wind  speeds  exceeding  18  knots  near  tiie  surfxe  by  2145  GMT.  Above  800  m,  winds  of  8  knots 
from  the  NW  were  observed.  The  surge  in  the  very  low  level  surface  flow  just  before  2145  GMT  is  caused 
^understorm  activity  located  south  of  the  lidar  site.  Interestingly,  a  strong  northerly  surge  of  greater  than  16  knots 
is  observed  near  4  km  AGL  prior  to  2200  GMT.  The  sharp  reversal  of  wind  direction  with  height  is  evident  also 
from  a  comparison  of  the  5  degree  and  30  degree  Plan  Position  Indicator  (PPI)  scans  (not  shown).  Lidar 
observations  terminated  shortly  after  2213  GMT. 
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VAD  curves  for  20  July  (not  shown)  depict  the  transformation  of  the  horizontal  wind  field  from  a  smooth 
homogeneous  structure  prior  to  the  decay  of  the  low  level  jet  to  a  broken  inconsistent  structure.  This 
transformation  including  the  decay  of  the  low  level  jet  is  associated  with  the  onset  of  both  shallow  convection 
within  the  boundary  layer  and  deep  convection.  This  is  well  illustrated  in  a  comparison  of  Figure  10  and  Figure 
11.  These  figures  display  profiles  of  VAD  Deviation  (RMS  VAD  Deviation),  discussed  previously  in  Section  4,  as 


Morning  Prior  to  Low  Level  Jet  Decay 


Figure  10.  Vertical  profiles  of  wind  velocity  and  RMS  VAD  Deviation  for  20  July  at  1411  GMT  measured  by  CO2 
Doppler  lidar  in  south  central  New  Mexico. 


Afternoon  Scattered  Thunderstorms  in  Area 


Figure  11.  Vertical  profiles  of  wind  velocity  and  RMS  VAD  Deviation  for  20  July  at  2040  GMT  measured  by  CO2 
Doppler  lidar  in  south  central  New  Mexico 
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well  as  profiles  of  the  associated  U  and  V  wind  components.  In  the  morning  prior  to  decay  of  the  low  level  jet  (~ 
14  GMT),  the  VAD  Deviation  profiles  are  about  1  knot  or  less  in  magnitude  below  3  km  AGL  (Figure  10).  The 
mcrease  above  3  km  is  primarily  associated  with  an  increase  in  the  SNR  Deviation  associated  with  the  rapid 
decrease  m  SNR  and  measurement  accuracy  of  radial  velocity.  During  the  afternoon  with  scattered  thunderstorms 
m  the  local  area,  the  VAD  Deviation  increases  by  a  factor  of  3  or  4  below  3  km  (Figure  11).  This  large  increase 
is  due  almost  solely  to  the  SNR-independent  component  which  is  indicative  of  deviations  in  the  observed  wind 
field  fiom  the  horizontally  homogenous  assumptions  of  the  VAD  model. 

6.  SUMMARY  AND  CONCLUSIONS 


COz  Doppler  lidar  measurements  of  range-resolved  wind  velocity  and  aerosol  backscatter  were  shown  for  two 
measurement  campaigns  in  the  desert  southwest  U.S.  —  one  in  the  stable  desert  troposphere  of  late  winter  and  the 
second  during  the  moist,  convectively  unstable  summer.  Real-time  wind  velocity  profiles  in  the  lower  troposphere 
were  determined  at  about  10  to  15  minute  intervals.  Signal-to-Noise  (SNR)  ratios  were  also  measured  which 
estimate  the  aerosol  backscatter  profiles.  Lidar  measurements  clearly  revealed  in  both  campaigns  the  distinct 
nature  of  the  low  level  jet  (LU)  and,  for  the  Arizona  measurements,  the  presence  of  persistent  cirrus  in  the  upper 
troposphere.  In  Arizona,  an  aerosol  “clean  zone”  of  variable  but  considerable  depth  imposed  significant  limits  on 
hdar  wind  retneval  in  the  mid-troposphere.  Cirrus  layers  of  considerable  geometric  thickness  were  obseived 
duimg  the  Arizona  tests  within  an  altitude  range  of  25000  ft.  -  450(X)  ft.  The  Arizona  LLT  core  exhibited  daily 
variation  in  speed,  direction,  altitude,  and  persistence  related  to  changes  in  the  large  scale  pressure  gradient  and 
low  level  stability.  In  the  New  Mexico  observations,  the  COz  Doppler  lidar  revealed  clearly  the  character  of 
horizontal  flow  associated  with  diurnal  changes  in  stability  and  convective  activity. 


The  COz  Doppler  Udar  observations  illustrate  some  of  the  capabilities  and  limitations  of  an  eye-safe  ground- 
based  IR  heterodyne  lidar  system.  They  also  emphasize  the  importance  of  atmospheric  factors  in  lidar  wind 
sensmg.  The  factors  especially  important  are  (1)  the  vertical  distribution  of  aerosols  necessary  to  provide  sufficient 
backscatter  and  (2)  horizontal  flow  variability,  particuarly  in  the  boundary  layer,  and  its  relation  to  convective 
organization  and  terram  characteristics.  Efforts  are  underway  at  the  Geophysics  Directorate  to  develop  and  employ 
hd^  systems  which  measure  wind  velocity,  absolute  backscatter,  and  water  vapor  over  greater  vertical  depths 
mcludmg  the  relatively  aerosol-free  regions  of  the  middle  troposphere. 
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Abstract 

Performance  measures  are  applied  to  data 
from  the  NATO  Research  Study  Group  8  propagation 
experiment  Lorient  1989,  to  evaluate  evaporation  duct 
models.  The  data  set  consists  of  slightly-beyond-line- 
of  sight  propagation  data  and  mid-path  meteorological 
data  for  over  6000  points  in  time.  Evaporation  duct 
profiles  are  calculated  using  three  well-known 
evaporation  duct  models.  Propagation  estimates  at  3.0 
and  10.5  GHz  are  calculated  using  those  evaporation 
duct  profiles  as  inputs  to  a  parabolic  equation  model 
and  are  compared  to  measured  propagation. 
Composite  accuracy  statistics  and  accuracy  statistics 
conditioned  on  relevant  parameters  are  computed. 
Remote  sensing  techniques  are  applied  to  isolate  those 
periods  where  the  evaporative  ducting  is  the  dominant 
mode  of  propagation  and  the  same  accuracy  statistics 
are  re-computed for  that  subset  of  the  data. 

The  analysis  of  the  data  illustrates  the 
following  important  points:  (1)  quantitative 

performance  measures  can  be  applied  to  the 
evaluation  of  refractivity  assessment  systems,  (2)  the 
sampling  is  uniform  over  time,  as  is  the  operational 
use  of  refractivity  information,  and  (3)  any 
conditioning  of  the  data  is  explicitly  noted,  rule  based, 
and  results  are  compared  to  statistics  where  the 
conditioning  has  not  been  applied. 

INTRODUCTION 

A  recent  resurgence  of  interest  in  bulk 
meteorological  models  of  the  marine  atmospheric 
surface  layer  with  application  to  the  evaporation  duct 
has  prompted  a  re-examination  of  these  models  and  the 
meteorological  measurements  required  as  inputs.  The 
Integrated  Refractive  Effects  Prediction  System 
(BREPS)  was  introduced  aboard  US  Navy  ships  in  1978 
utilizing  a  surface  layer  model  formulated  in  terms  of 
potential  refractivity  [Jeske,  1971,  1973].  Jeske’s 
algorithm  has  a  simple  determination  of  stability  and 


assumes  the  empirical  universal  stability  functions 
follow  the  KEYPS  formula.  An  empirical  modification 
to  this  model  was  subsequently  applied  to  spuriously 
stable  atmospheric  conditions  arising  from  thermal 
distortion  due  to  the  ship  {Paulus,  1985].  This 
characterization  of  the  evaporation  duct  has  been  used 
in  radiowave  propagation  assessment  for  the  past 
decade. 

Within  the  meteorological  community,  a  widely 
accepted  bulk  formulation  for  the  marine  atmospheric 
surface  layer  is  that  of  Liu,  Katsaros,  and  Businger 
[1979].  The  LKB  model  is  more  physically  rigorous 
than  the  Jeske  model  with  an  iterative  approach  to  the 
determination  of  stability  and  uses  empirical  stability 
functions  for  temperature  and  moisture  proportional  to 
the  square  of  the  KEYPS  formula. 

These  surface  layer  models  require  bulk 
measurements  of  air  temperature,  relative  humidity, 
and  wind  speed  at  known  heights  along  with  a 
measurement  of  sea  surface  temperature.  Blanc  [1987] 
found  that  bulk  methods  yield  a  very  crude  estimate  of 
the  true  stability  influence  and  questioned  how  much  is 
really  gained  by  using  a  stability  dependent  scheme. 
Previous  propagation  studies  have  found  that,  for 
common  departures  from  neutrality,  the  neutral  surface 
layer  refractivity  profile  is  representative  of  the  actual 
propagation  conditions  [Anderson,  1990].  An  analysis 
of  a  radio-meteorological  data  set  collected  in  the 
Aegean  Sea  found  no  statistically  significant  stability 
effects  in  comparing  propagation  predictions  to 
measured  signals  [Paulus,  1994],  The  results  of  these 
latter  two  studies  could  be  argued  to  represent  only 
open  ocean  conditions  and  not  be  applicable  to  coastal 
regions  where  onshore/offshore  winds  and  strong 
horizontal  gradients  in  meteorological  and 
oceanographic  parameters  may  significantly  impact 
stability  of  the  surface  layer. 

This  paper  provides  a  brief  overview  of  three  bulk 
meteorological  formulations  for  refiactivity  in  the 
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surface  layer  and  analyzes  the  Lorient  1989 
radiometeorlogical  data  set,  taken  in  a  coastal 
environment,  using  these  three  formulations  as  the 
refiractive  input  to  a  propagation  model. 


EVAPORATION  DUCT  MODELS 

A  general  e}q)ression  for  the  gradient  of  a 
conservative  scalar,  S,  in  the  atmospheric  surface  layer 
is  [Panofs}^  and  Dutton,  1984] 


where  z  is  altitude,  S-  is  the  scaling  parameter  for  the 
scalar,  xr  is  von  Karman’s  constant,  L  is  the  Monin- 
Obukhov  length,  and  ^  is  an  empirical  stability 
function  for  the  scalar.  Eqn  (1)  can  be  integrated  from 
a  lower  limit  of  z=zo  to  become: 


S{z)-S, 


(2) 


where  Zo  is  the  roughness  length  for  the  scalar.  So  is  the 
value  of  the  scalar  at  altitude  Zo,  and  y/s  is  the  integral 
of  the  q)s  stability  function.  So,  S-,  zo,  and  L  are 
determined  from  bulk  meteorological  data  at  two  levels 
in  the  sur&ce  layer. 

Jeske/Paulus.  Jeske’s  [1971,  1973]  approach  was 
to  use  potential  refiactivity,  Np,  as  the  conservative 
scalar  such  that  eqn  (1)  becomes 


Je^e  further  determined  a  characteristic  height  called 
the  evaporation  duct  height,  S,  the  height  at  which 
oNp/5z  =  -0.13  m’’,  the  gradient  of  potential 
refiractivity  at  which  trapping  just  occurs.  Substituting 
these  into  eqn  (3)  yields: 


From  eqn  (2),  in  terms  of  potential  refiactivity,  Np-  can 
be  determined  fiom  observations  of  potential 
refiactivity  at  heights  zj  and  zoi 


-NpM 

(z  \ 

In 

- 

_  J -i) 

UcV 

^\L) 

(5) 


where  potential  refiactivity  is  calculated  fiom 

Np  =  +3.73x10^-^  (6) 

p  0  V  / 

Here,  Po  is  a  reference  pressure  (usually  1000  mb),  9  is 
potential  temperature  in  Kelvins,  and  Bp  is  potential 


vapor  pressure  in  mb.  Solving  eqn  (4)  for  Np*  and 
substituting  into  equation  (3)  yields 


Using  the  relation  between  potential  refiactivity  and 
modified  refiactivity  5Np/9z  =  oM/5z  -0.13  [Gossard 
and  Strauch,  1983]  in  eqn  (7)  and  integrating  fiom 

Z=2otOZ, 


Mz)=M^+mz-QB 


(8) 


The  stability-dependent  functions  <p  and  y/  are  defined 
in  Jeske  [1971, 1973].  This  model  was  modified  by  an 
empirical  correction  for  spuriously  stable  conditions 
[Paulus,  1985] 

The  concept  of  evaporation  duct  height  has  been 
extremely  useful  in  parametric  propagation  studies  and 
in  development  of  evaporation  duct  climatologies. 
Note  in  eqn  (5)  that  Np*  is  proportional  to  the 
difference  between  potential  refiactivity  at  the 
reference  height  and  the  surface.  Most  of  the  time  over 
the  ocean,  this  difference  is  negative  and  thus 
evaporation  duct  height  calculated  in  eqn  (4)  will  be 
positive.  However,  under  certain  meteorological 
conditions  that  cause  subrefiaction,  the  difference  in 
potential  refiactivity  between  the  reference  height  and 
the  surface  will  be  positive  and  a  negative  duct  height 
will  be  calculated.  The  physical  interpretation  of  this 
negative  height  is  that  its  absolute  value  is  the  height 
where  5Np/9z  =  +0.13  m"'  or  in  terms  of  modified 
refiactivity  dNUdz  =  +0.26  m'*.  Since  subrefiaction  is 
conventionally  defined  as  A/-gradients  exceeding  0.157 
m‘*,  a  negative  evaporation  duct  height  generates  a 
subrefiactive  profile.  Jeske  [1973]  referred  to  this 
situation  as  an  “anti-duct”. 

LKB.  The  LKB  approach  [Liu  et  al.,  1979]  uses 
potential  temperature,  9,  and  specific  humidity,  Q,  as 
conservative  scalars  yielding  profiles: 


(9) 


From  the  profiles  of  eqn  (9),  the  profile  of  modified 
refiactivity  is  calculated: 


M(z)  = 


TI.6P  3.73xl0*e 

- +  r 

T  t 


-1-0.157Z 


(10) 


and  duct  height  is  determined  by  inspection  of  the 
profile  for  the  height  at  which  the  minimum  Af  occurs. 
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NeutraL  The  neutral  evaporation  duct  model 
derives  from  eqns  (3H8)  by  assuming  neutral  stability 
of  the  sui&ce  layer  for  which  the  empirical  stability- 
dependent  functions  ^>->1  and  ^->^0  yielding; 

( 


M(z)  =  Mo  +  0.13r  -  0.135  In 


(11) 


Most  importantly,  since  neutral  stability  is  assumed, 
the  measurement  of  wind  speed  is  no  longer  required 
and  the  air-sea  potential  temperature  difference  is 
nearly  zero  and  die  sea  surface  temperature  can  be 
assumed  equal  to  the  air  temperature  to  a  good 
tqiproximation.  This  is  tantamoimt  to  assuming  that 
the  refractive  gradient  is  predominandy  dependent 
upon  the  gradient  of  vapor  pressure. 


RADIO-METEOROLOGICAL  DATA  SETS 

Greek  Islands  Measurements.  The  neutral 
evaporadon  duct  model  was  applied  to  a  data  set 
collected  in  the  Aegean  Sea  [Richter  and  Hitney,  1988] 
using  the  Radio  Physical  Opdcs  (RPO)  propagation 
model.  These  data  had  previously  been  analyzed  with 
the  LKB  and  Paulus  models  [Paulus,  1994].  Figure  1 
shows  the  comparison  for  the  9.624  GHz  link 
(terminals  at  4.8  and  4.9  m  above  msl).  Horizontal 
dashed  lines  represent  free-space  (143  dB)  and 
diffracdon  (191  dB)  levels.  The  neutral  duct  model  is 
qualitadvely  comparable  to  the  other  two  models  in 
predicdng  signal  level.  This  result  might  not  be 
surprising  considering  that  stability-dependent  effects 
were  not  detected  in  the  data  in  previous  analyses. 
Thus,  the  invesdgadon  was  extended  to  a  data  set  that 

X-Band  Lew  Antenna 


Figure  1.  Predicted  (solid  lines)  and  observed  (dots) 
propagadon  loss  vs  dme  for  neutral,  LKB,  and  Paulus 
evaporadon  duct  models. 


would  be  a  more  strenuous  test  of  the 
representadveness  of  neutral  profiles. 

Lorient  Radio-Meteorological  Measurements.  In 
the  fall  and  winter  of  1989,  a  joint  e?q)eriment  was 
conducted  offshore  from  the  city  of  Lorient,  France  on 
the  southwest  coast  of  Brittany  [Claverie  and  Hurtaud, 
1992;  Christophe,  et  al.,  1995].  Figure  2  depicts  the 
layout  of  the  Lorient  '89  experiment.  The  experiment 
was  sponsored  by  NATO  Research  Study  Group  8.  The 
transmitters  were  located  on  the  Quiberon  peninsula 
and  receivers  were  located  at  Gavres.  The  length  of 
the  transmission  path  was  27.7  km.  The  transmission 
frequencies,  and  transmitdng  and  receiving  antenna 
heights  referenced  to  mean-dde  level  are  given  in 
Table  1.  This  geometry  provided  for  a  4/3  earth 
horizon  range  of  25.3  km;  however,  due  to  tidal 
variations  of  up  to  2  m,  the  link  geometry  varied  from 
horizon  to  1.2  times  horizon  range.  The  mid-path 
buoy  shown  in  Figure  2  was  equipped  with  sensors  for 
wind  direction,  wind  speed  (U),  relative  humidity  (RH) 
and  air  temperature  (TO-  The  three  sensors  were 
mounted  4.5  meters  above  the  sea  smface.  The  buoy 
was  also  equipped  with  a  sea  temperature  (T,)  sensor 
which  was  mounted  0.6  m  below  the  sea  surface.  The 
tide  was  monitored  at  lie  de  Groix,  approximately  8 
km  southwest  of  Gavres. 


Figure  2.  Layout  of  the  NATO  RSG-8/21  propagation 
experiment  at  Lorient,  France,  1989,  showing  the 
transmitter  and  receiver  sites,  the  27.7  km  overwater 
transmission  path  and  location  of  the  mid-path 
meteorological  buoy. 
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Meteorological  and  propagation  measurements  became 
available  on  September  23, 1989;  OOOOZ  on  that  date  is 
considered  to  be  day  0.0  of  the  experiment.  Day  52.0  is 
the  last  day  that  both  meteorological  and  propagation 
measurements  were  available.  Data  were  recorded  to 
disk  at  10-minute  intervals.  In  the  time  interval  of 
days  0.0  to  52.0  there  were  7488  data  points.  The  data 
for  the  tide  gage  was  missing  for  the  interval  of  days 
26.0  to  32.0,  reducing  the  number  of  available  data 
points  to  6624. 

Matched  data:  The  following  decision  rules  were  used 
to  determine  valid  data  points; 

1.  Propagation  factor  measurements  are  available  at 
both  3.0  and  10.5  GHz. 

2.  Meteorological  inputs  for  T*,  T„  RH,  U  and  the 
tide  are  available. 

3.  All  of  the  evaporation  duct  heights  calculated 
using  the  duct  models  are  below  40  meters,  (note; 
this  eliminated  a  large  amount  of  data,  as  the  LKB 
model  frequently  exceeded  that  threshold  with 
stable  input  values) 

Implementation  of  the  three  decision  rules  reduced  the 
number  of  data  points  from  6624  to  6123.  The 
important  point  regarding  the  data  set  of  “valid” 
points  is  that  it  is  the  largest  set  of  data  containing 
valid  inputs  for  both  the  propagation  measurements 
and  evaporation  duct  models. 

Evaporative  ducting  subset:  Surface-based  ducts  can 
increase  signal  levels  to  as  much  as  10  dB  above  free 
space  levels,  effectively  masking  the  enhancement  due 
to  evaporative  ducting.  For  the  purposes  of  evaluating 
the  performance  of  evaporation  duct  models,  instances 
where  the  evaporation  duct  is  not  the  dominant  mode 
of  propagation  are  “contaminants”  in  the  data.  It  is 
desired  to  determine  the  subset  of  the  data  for  which 
evaporation  ducting  is  the  dominant  mode  of 
propagation.  This  is  done  by  using  the  Bayesian 
inference  procedure  described  in  Rogers  [1996b].  The 
essence  of  the  procedure  is  that  the  propagation  effects 
are  highly  frequency  dependent.  Using  an 
environmental  model  including  both  a  surface-based 
duct  and  an  evaporation  duct  as  the  inputs  to  an  EM 
propagation  model,  thousands  of  propagation  model 
runs  are  performed  to  determine  what  combination  of 
propagation  measurements  are  consistent  with  purely 


evaporative  ducting  and  which  are  not.  The  subset  of 
the  valid  data  where  evaporation  ducting  is  believed  to 
be  the  dominant  mode  of  propagation  is  referred  to  as 
the  “evaporation  ducting  subset”  and  consists  of  5687 
points  which  is  92%  of  the  valid  data  points. 

The  Bayesian  inference  procedure  used  to  identify  the 
evaporation  ducting  subset  is  a  relatively  new 
development  In  light  of  that  consideration,  overall 
statistics  for  both  the  valid  data  and  evaporation 
ducting  subset  are  provided  also. 


Table  1:  Link  frequencies  and  transmitter  and 
receiver  heights  for  the  Lorient  ’89  experiment 


Frequency 

(GHz) 

Receiver  ht 
(m  -  Avg.  Tide) 

Transmitter  ht 
(m  -  Avg.  Tide) 

3.0 

8.37 

10.41 

5.6 

8.37 

10.41 

10.5 

8.35 

10.50 

16.0 

8.36 

10.40 

35.0 

8.23 

10.27 

94.0 

9.25 

11.29 

Meteorological  Representativeness:  Histograms  of 
the  bulk  meteorological  parameters  obtained  from  the 
mid-path  buoy  for  the  evaporation  ducting  subset  are 
shown  in  Figures  3  through  6.  Qualitative  comparison 
of  the  distributions  in  Figures  3-5  with  climatology 
[Gilhousen  et  al.,  1990;  U.S.  Navy,  1995]  indicates 
these  are  fypical  of  mid-latitude  ocean  areas.  Figure  6, 
however,  is  not  fypical  as  the  mean  air-sea  temperature 
difference  (ASTD)  is  normally  negative,  except  in 
ocean  areas  influenced  by  a  major  ocean  front  or 
nearby  land  mass.  Thus,  we  believe  the  ASTDs 
observed  during  Lorient  ’89  to  be  fypical  of  many 
coastal  environments  rather  than  open  ocean. 


Figures.  Air  temperature  histogram. 


276 


Figure  4.  Relative  humidity  histogram. 
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Figure  6.  Air-sea  temperature  difference  histogram. 


Time  series:  Figure  7  illustrates  the  measured  and 
estimated  propagation  factors  for  days  2  through  4  on 
the  3.0  GHz  link.  Reference  lines  for  free  space  and 
standard  propagation  are  provided.  The  variations  in 


the  standard  propagation  are  due  to  the  tide  changing 
the  height  of  the  land-moimted  transmitters  with 
respect  to  the  sea  surface.  The  heavy  solid  line  is  the 
measured  propagation  fector.  From  day  2.0-2.3,  2.9- 
3.3  and  3.8-4.0  the  propagation  &ctor  is  consistent 
with  evaporation  ducting.  From  day  2.3-2.8  and  from 
day  3.3-3.8,  the  propagation  factor  is  well  above  free- 
space  levels.  During  those  intervals,  there  are  deep  (10 
(fB)  fades  in  the  measured  signal  levels.  Both  of  these 
features  are  consistent  with  surface-based  ducting. 
During  the  surface-based  ducting  periods,  the 
mismatches  between  the  measured  sign^  levels  and 
those  estimated  using  the  three  evaporation  duct 
models  are  quite  large.  While  it  appears  as  though  the 
LKB  model  does  capture  the  first  up-transient,  it  is  also 
observed  that  LKB  model’s  subsequent  variations  are 
somewhat  out  of  phase  with  the  variations  in  the 
measured  signals,  hence  leading  to  poor  real-time 
estimation  performance.  For  the  intervals  when  the 
measured  signals  are  consistent  with  evaporative 
ducting  (days  2.0-2.3,  2.8-3.3,  and  3.8-4.0),  the 
performance  of  the  evaporation  duct  models  is  quite 
good,  with  the  LKB  appearing  to  do  the  best  job. 


Days  since  September  23, 1 989 


Figure  7.  Time  series  of  measured  and  estimated 
propagation  &ctor  at  3.0  GHz.  Reference  lines  for  free 
space  and  standard  atmosphere  are  indicated  by 
arrows.  The  sharp  measured  signal  increases  that  are 
seen  at  days  2.5  and  3.5  are  indicative  of  the  onset  of 
surface-based  ducting. 

In  Figure  8,  evaporation  ducting  appears  to  be  the 
dominant  mode  of  propagation  for  at  least  90%  of  the 
time.  Overall  the  performances  of  the  three  duct 
models  appear  to  be  comparable  except  for  the 
transient  in  the  LKB  estimates  that  occurs  about  day 
8.7.  which  leads  the  transient  in  the  measured  signal 
levels  by  2  to  3  hours.  Around  day  8.7,  the  time  when 


277 


the  measured  signal  levels  are  at  a  maximum,  the  LKB 
estimates  are  about  20  dB  below  the  measured  values. 


Figure  8,  Time  series  of  measured  and  estimated 
propagation  factor  at  3.0  GHz. 

STATISIICAL  ANALYSIS 
Statistics  for  Measuring  Real  Time  Estimation 
Performance.  Let  X  and  Fbe  propagation  estimates 
and  measurements  respectively,  with  means  and 
Hj,  and  standard  deviations  and  a,.  Four 
descriptive  statistics  are  commonly  used  for  measuring 
real-time  estimation  performance  [Rogers,  1996a]: 

1.  Root  mean  squared  (RMS)  error: 


(12) 

2.  Standard  error: _ 

STDxj  =  (13) 

3.  Correlation  coefBcient: 

(14) 

4.  Bias:  6x,r  (13) 


If  the  estimation  errors  (i.e.,  the  Jf-7’s)  are  normally 
distributed  and  are  time-independent,  then  any 
combination  of  three  of  the  above  statistics  constitutes 
a  complete  description  of  the  error.  The  primary 
statistic  for  evaluating  real-time  propagation 
estimation  performance  is  the  RMS  error.  Minimizing 
the  RMS  error  implies  minimizing  both  the  standard 
error  and  the  bias,  and  maximizing  the  correlation. 
The  reverse,  however,  is  not  true  as  is  seen  here: 


The  square  of  the  RMS  error  is  the  sum  of  the  squares 
of  the  standard  error  aitd  the  bias: 

RM^Y  =  Y  •  d7) 

While  the  RMS  error  should  be  used  as  the  primary 
performance  indicator,  it  should  still  be  used  in 
conjimction  with  the  bias.  For  example,  there  might 
exist  two  models,  both  having  an  RMS  error  of  7.0. 
With  model  “A”  the  standard  error  is  7,  so  the  bias  is 
0.  With  model  “B”  the  standard  error  is  0  and  the  bias 
is  7.0.  It  is  then  found  that  applying  smoothing  to  the 
model  “A”  estimates  reduces  the  standard  error  to  3 
dB;  consequently,  the  RMS  error  of  model  "A”  would 
be  reduced  to  3  dB.  If  the  smoothing  were  then 
applied  to  the  model  “B”  data  though,  it  would  have  no 
effect.  Had  only  the  RMS  error  been  examined,  it 
woidd  have  been  concluded  that  the  models  were 
essentially  identical.  If  both  the  RMS  error  and  bias 
are  examined,  it  would  be  observed  that  model  “A” 
appears  to  be  somewhat  noisy,  but  reasonably  accurate. 
Model  “B”  on  the  other  hand  appears  to  have  a  serious 
problem  as  it  consistently  over-estimates  or  under¬ 
estimates  values. 

Bias  Conditioned  on  the  Air-Sea  Temperature 
Difference.  The  bias  at  3.0  GHz,  condition^  on  the 
air-sea  temperature  difference  is  shown  in  Figure  9. 
Observations  include: 

1.  For  ASTD  values  of  less  than  0°  C,  the  LKB 
model  performs  the  best  (its  bias  has  the  smallest 
magnitude;  it  is  closest  to  the  0  bias)  although  the 
performance  of  the  neutral  model  is  only 
marginally  worse. 

2.  For  ASTD  values  of  0°  C  and  higher,  the  neutral 
model  performs  the  best,  with  a  bias  of  about  3  dB. 
Particularly  at  very  high  ASTD  values  the  UCB 
model  performs  poorly,  with  up  to  a  -7  dB  bias. 

3.  It  should  be  noted  that  the  standard  atmosphere 
model  shows  nearly  as  much  skill  at  ASTD  values 
of  less  than  0°  C  as  the  models  driven  by 
meteorological  inputs.  The  reason  is  relatively 
low  sensitivity  of  propagation  at  3  GHz  to 
evaporation  ducts. 
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Figure  9.  Bias  at  3.0  GHz. 

Bias  at  lO.S  GHz  is  shown  in  Figure  10.  The  results 

are  similar  except: 

1.  At  ASTD  values  of  greater  than  0°C  the 
performance  of  the  Paulus  and  neutral  models  is 
comparable. 

2.  Standard  propagation  shows  little  skill  as  an 
estimator  of  propagation,  while  the  assumption  of 
firee  q)ace  propagation  appears  quite  good  for 
ASTD  values  less  than  2°  C.  This  is  because 
propagation  at  10.5  GHz  is  enhanced  for  the  range 
of  evaporation  ducting  conditions  for  this 
experiment. 


Figure  10.  Bias  at  10.5  GHz. 


KMS  Error  Conditioned  on  the  Air-Sea 
Temperature  Difference.  The  RMS  error  of  estimates 
at  3.0  GHz  and  10.5  GHz  are  shown  in  figures  11  and 
12  respectively.  At  both  frequencies  the  relative 


performance  of  the  three  duct  models  are  similar:  For 
ASTD  values  of  0°C  or  less,  the  LKB  is  a  dB  or  so 
better  than  the  neutral  model  and  2  -  4  dB  better  than 
the  Paulus  model.  At  ASTD  values  of  greater  than 
1°C,  the  performance  of  the  neutral  and  Paulus  models 
is  similar,  both  are  substantially  better  than  the  LKB. 


T,-T,(Deg.C) 


Figure  11.  RMS  error  at  3 .0  GHz. 


Figure  12.  RMS  Error  at  10.5  GHz. 

Overall  Performance.  The  grain  of  salt  that  figures 
9-12  must  be  taken  with  is  that  some  ASTD  values 
occur  more  often  than  others.  Overall  statistics  reflect 
the  relative  likelihood  that  a  given  ASTD  value  occurs. 
Tables  2  through  5  provide  the  complete  descriptive 
statistics  for  errors  of  propagation  estimates  (^culated 
using  the  neutral  (Neu.),  LKB,  and  Paulus  (Pan.) 
method.  Errors  resulting  from  the  assumption  of  a 
standard  atmosphere  (Std.)  or  free  space  (FS) 
propagation  are  provided  for  reference.  In  each  of  the 
tables,  [y  is  standard  deviation  of  the  measured 
propagation  values  and  [x  is  the  standard  deviation  of 
the  propagation  estimates  calculated  using  the  duct 


279 


model  listed  in  the  left  hand  column.  Tables  2  and  3 
are  associated  with  the  evaporation  ducting  subset 
Tables  4  and  5  are  associated  with  the  set  of  all  valid 
data  points. 


Table  2:  Overall  error  statistics  at  3.0  GHz  for 
evaporative  ducting  cases.  The  total  sample  size  is 
5687  points  for  each  value  in  the  table. 


CTy 

Cfx 

RMS 

STD 

P 

bias 

Neu 

5.80 

5.02 

4.79 

3.24 

.83 

3.53 

LKB 

5.80 

8.71 

7.30 

7.29 

.558 

-0.29 

Pau. 

5.80 

5.84 

5.07 

4.79 

.662 

1.66 

Std. 

5.80 

2.50 

7.13 

5.32 

.399 

4.75 

FS 

5.80 

0.00 

19.09 

5.80 

- 

18.18 

Table  3:  Overall  error  statistics  at  10.5  GHz  for 
evaporative  ducting  cases.  The  total  sample  size  is 
5687  points  for  each  value  in  the  table. 


Gy 

ax 

RMS 

STD 

P 

bias 

Neu 

9.62 

6.62 

7.05 

5.57 

.827 

4.31 

LKB 

9.62 

14.55 

10.04 

9.34 

.775 

-3.69 

Pau. 

9.62 

10.85 

7,37 

7.37 

,747 

0.26 

Std. 

9.62 

3.67 

17.74 

9.64 

.185 

-14.89 

FS 

9.62 

0.00 

12.08 

9.62 

- 

7.31 

DISCUSSION 

The  most  surprising  result  is  the  excellent 
performance  of  the  neutral  model.  For  unstable 
conditions,  the  neutral  model  performed  nearly  as  well 
as  the  best-performing  LKB  model,  and  better  than  the 
Paulus  model.  For  stable  conditions,  the  neutral  model 
outperformed  all  but  the  Paulus  model  at  10.5  GHz  and 
performed  better  than  the  Paulus  model  at  3.0  GHz. 

Another  surprising  result  is  the  relative 
performance  of  the  LKB  model.  For  ASTD>1,  the  bias 
and  RMS  error  both  increase  as  compared  to  the  other 
two  evaporation  duct  models;  for  ASTD<1,  LKB  is 
only  slightly  better  than  the  neutral  model. 
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Fusing  data  from  the  mesoscale  model  and  radio  remote  sensing 
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1  Introduction 

The  U.S.  Navy  has  historically  sponsored  the  de¬ 
velopment  of  mesoscale  models  and  both  in-situ  and 
remote  sensors.  One  of  the  driving  forces  behind  these 
development  efforts  has  been  that  the  models  and  sen¬ 
sors  can  be  used  to  estimate  tropospheric  refractivity 
gradients  and  therefore  be  used  to  provide  input  data 
to  electromagnetic  (EM)  propagation  models.  The 
outputs  of  the  EM  propagation  models  are  used  as 
inputs  to  models  designed  to  assess  the  performance 
(i.e.  detection  ranges)  of  radars  and  availability  of 
communication  systems. 

To  date,  combining  the  outputs  of  the  different 
sensors  and  the  mesoscale  model  has  been  perceived 
as  a  computer  and  networking  problem.  While  that 
work  remains  necessary,  it  must  be  realized  that  this 
is  also  an  estimation  problem.  The  ultimate  goal  of 
data  fusion  in  refractivity  estimation  is  the  optimal 
estimation  of  propagation  loss  given  information  from 
the  mesoscale  model,  radiosondes,  refractivity  inferred 
from  radio  measurements,  in-situ  measurements  at  the 
sea  surface,  and  from  satellites  and  other  remote  sen¬ 
sors.  This  is  a  fundamentally  different  approach  than 
that  of  traditional  atmospheric  data  assimilation. 

In  this  initial  data  fusion  experiment  we  will  fo¬ 
cus  on  the  mesoscale  model  and  refractivity  inferred 
from  radio  measurements.  In  many  operational  sce¬ 
narios,  the  mesoscale  model  may  be  the  only  practical 
method  for  obtaining  range  dependent  refractivity  es¬ 
timates.  A  weakness  of  the  mesoscale  model  though, 
is  that  its  inherent  spatial  averaging  washes  out  sharp 
refractivity  gradients  at  the  capping  inversion,  which 
in  turn  results  in  underestimation  of  ducting  effects. 
Radio  measurements,  on  the  other  hand,  are  highly 
sensitive  to  the  refractivity  gradients  in  the  capping 
inversion  but  remote  sensing  of  refractivity  by  radio 
measurements  is  unlikely  to  ever  provide  range  depen¬ 
dent  refractivity  when  used  by  itself.  VHF  and  UHF 
emitters  are  plentiful  in  many  coastal  areas  and  mon¬ 
itoring  them  for  the  purpose  of  inferring  refractivity 
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is  practical.  Clearly,  the  two  information  sources  are 
complementary  and  are  excellent  candidates  for  data 
fusion. 

The  data  used  are  from  the  Variability  of  Coastal 
Atmospheric  Refractivity  (VOCAR)  experiment  (see 
Paulus  [1994])  which  took  place  June  through  Septem¬ 
ber  of  1993.  The  layout  of  the  experiment  is  depicted 
in  figure  1.  Transmission  links  at  143,  262,  and  374 
MHz  were  operated  on  paths  “A”  and  “B”  that  are 
shown  in  the  figure.  During  a  special  two- week  in¬ 
tensive  observation  period  (lOP)  beginning  on  Au¬ 
gust  23,  1993,  radiosondes  were  launched  at  roughly 
four  hour  intervals  from  numerous  locations  including 
Point  Mugn  and  San  Clemente  Island.  Forecast  re¬ 
fractivity  fields  were  calculated  from  The  Navy  Oper¬ 
ational  Regional  Atmospheric  Prediction  System  (NO¬ 
RAPS)  mesoscale  model  as  described  by  Hodur  [1987] 
and  Burk  and  Thompson  [1989].  Refractivity  fields 
from  the  mesoscale  model  and  the  refractivity  inferred 
from  the  transmission  links  are  used  to  generate  re¬ 
fractivity  fields  that  preserve  the  range  dependency 
of  the  mesoscale  model  fields,  but  also  have  a  suffi¬ 
ciently  strong  trapping  layer  to  be  feasible  given  the 
measured  propagation.  The  Research  Vessel  Point  Sur 
was  located  at  mid-path  on  Path  A  for  roughly  five 
days  beginning  August  27.  The  combination  of  the 
radiosondes  from  Point  Mugu,  San  Clemente  Island, 
and  from  the  R,  V.  Point  Sur  are  used  to  provide  range- 
dependent  profiles  that  provide  validation  for  the  data 
fusion  method. 

2  Objective  of  initial  data  fusion 
experiment 

Figure  2  is  an  adaptation  from  Kay  [1993]  that  il¬ 
lustrates  the  effect  of  the  bias  and  variance  of  the  esti¬ 
mator,  The  abscissa  is  estimation  error  and  the  ordi¬ 
nate  is  the  probability.  Ideally,  we  would  like  to  have 
our  estimation  errors  distributed  as  the  minimum  vari- 
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Figure  1:  VOCAR  layout. 


ance  unbiased  estimator  (MVUE)  as  shown  in  (a).  In 
that  case  our  estimation  errors  would  be  zero-mean 
and  have  the  minimum  variance  achievable  as  deter¬ 
mined  by  computation  of  the  Cramer-Rao  lower  bound 
(CRLB)  or  other  bounding  criteria.  If  the  errors  have 
a  variance  greater  than  the  lower  bound  but  the  esti¬ 
mates  are  unbiased,  we  might  have  (b).  If  the  mini¬ 
mum  variance  is  achieved  but  there  is  a  non-zero  bias 
we  have  (c),  and  if  there  is  a  non-zero  bias  and  the 
minimum  variance  is  not  achieved  we  have  (d). 


-  (a)  unbiased  -  min.  var. 

- (b)  unbiased  -  var.  >  min. 


Figure  2:  Illustration  of  variance  and  bias  of  estima¬ 
tion  errors. 

The  situation  using  the  mesoscale  model  by  itself 
for  propagation  estimation  is  (d)  since  1)  the  vertical 
resolution  of  the  mesoscale  model  results  in  a  non-zero 
bias,  and  2)  initialization  and  boundary  condition  er¬ 
rors  result  in  greater  than  minimum  variance.  If  the 
magnitude  of  the  bias  is  nearly  the  same  as,  or  greater 
than  the  square  root  of  the  variance,  very  little  will  be 


achieved  by  reducing  the  error  variance  without  reduc¬ 
ing  the  bias.  Accordingly,  our  goal  in  this  effort  is  to 
utilize  the  radio  measurements  to  unbias  the  mesoscale 
model  outputs  while  preserving  the  range  dependent 
features  of  the  mesoscale  model. 


3  VOCAR  tri-linear  model  and 
parameterization 

Figure  3  illustrates  refractivity  profiles  correspond¬ 
ing  to  a  standard  atmosphere,  a  surface-based  duct, 
and  an  elevated  duct,  and  provides  the  geometry  pa¬ 
rameters  used  to  describe  the  ducts.  The  surface- 
based-duct  and  elevated-duct  profiles  are  associated 
with  the  marine  boundary  layer  (MBL)  capped  by  a 
stable  layer.  The  stable  MBL  structure  is  quite  com¬ 
mon  in  areas  such  as  the  coastal  waters  of  southern 
California  and  the  Persian  Gulf.  The  refractivity  pro¬ 
files  associated  with  a  stable  MBL  are  often  tri-linear 
in  appearance. 
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Figure  3:  Idealization  of  refractivity  profiles  for  duct 
formed  by  the  capping  inversion  of  the  marine  bound¬ 
ary  layer. 

In  estimation  problems  it  is  customary  to  group  pa¬ 
rameters  into  deterministic  parameters  which  we  de¬ 
sire  to  estimate  and  nuisance  parameters  which  we  are 
not  interested  in,  but  must  be  accounted  for,  at  least 
in  the  statistical  sense  [Kay^  1993].  The  elements  of 
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deterministic  and  random  parameter  vectors  are  of  the 
form: 

©D  =  [^15^25  •  •  -^m]^ 

and 

Qr  =  [Om+i ?  ^m+25  •  •  •  On]'^ 

respectively.  The  utility  of  such  a  form  is  that  nuisance 
parameters  can  be  “integrated  out” .  Ideally,  our  nui¬ 
sance  parameters  in  this  problem  would  characterize 
range  and  height  variability  in  the  refract ivity  struc¬ 
ture  that  occur  on  time  and  spatial  scales  too  small 
to  predict,  infer,  or  measure.  In  general,  a  function 
giQu^Qn)  is  a  point  value  corresponding  to  a  single 
realization  of  Qr^  while  y  —  ^(©d)  is  a  random  vari¬ 
able.  If  g{  )  is  non-linear,  then, 


its  single  random  component  approximates  the  effects 
introduced  by  the  range  and  height  variability  in  the 
true  refractive  environment.  To  some  degree,  this  is 
the  case;  using  a  waveguide-mode  model,  it  can  been 
observed  that  when  d  is  varied  it  tends  to  make  large 
changes  in  the  relative  phase  and  amplitudes  of  the 
dominant  propagation  modes  which  lead  to  construc¬ 
tive  and  destructive  interference  effects  that  resemble 
those  introduced  by  the  true  (dominantly  range)  vari¬ 
ability.  Nonetheless,  as  described  in  Rogers  [1996], 
the  parameterization  works  poorly  with  weak  trap¬ 
ping  layers  and  should  be  the  primary  area  of  focus  in 
future  work. 


4  Input  data 


.  G(ei,)  ^  G(0x,,efi) 

but 

G(^  =  [  G{eD.eR)feAeR)deR 

where  feRi&R)  is  the  probability  density  function  for 
the  nuisance  parameters.  This  is  an  important  point  in 
both  the  forward  and  inverse  problem  in  tropospheric 
EM  propagation:  that  you  cannot  determine  mean 
propagation  values  (let  alone  distributions  of  propaga¬ 
tion  values)  without  accounting  for  the  random  pro¬ 
cesses  of  the  propagation  medium. 

The  deterministic  parameterization  implemented  in 
this  data  fusion  problem  is: 

0£)  =  [/i,mp  (1) 

where  h  was  the  height  of  the  base  of  the  trapping  layer 
in  meters,  and  m  was  the  M-deficit  as  shown  in  figure 
3.  The  only  random  parameter  was  the  thickness  of 
the  trapping  layer  d,  i.e. 


Qr  6z  —  d  (2) 


and  d  was  assumed  to  be  uniformly  distributed  over 
the  interval  10  to  90  meters,  i.e.  the  probability  den¬ 
sity  function  of  Os  is 


90 


0 


10  <  ^3  <  100 
otherwise 


(3) 


Clearly,  this  parameterization  is  far  less  sophisticated 
than  an  ideal  parameterization  which  (as  described  be¬ 
fore)  would  characterize  the  range  and  short  term  tem¬ 
poral  variations  in  the  refractive  environment.  Ideally, 


4.1  NORAPS  mesoscale  model  runs  for 
the  VOCAR  experiment 

The  mesoscale  weather  prediction  model  used  to 
simulate  the  12  day  VOCAR  lOP  is  a  version  of  the 
Navy  Operational  Regional  Atmospheric  Prediction 
System  (NORAPS)  described  by  Hodur  [1987]  and 
Burk  and  Thompson  [1989].  NORAPS  is  a  hydrostatic 
primitive  equation  model  with  sophisticated  second- 
order  closure  boundary  layer  physics  which  are  im¬ 
portant  for  describing  near-surface  atmospheric  (and 
refractive)  structures.  The  domain  for  the  VOCAR 
experiment  extends  from  Oregon  to  Baja  California 
and  from  Arizona  to  about  1000  km  off  the  Califor¬ 
nia  coast.  The  horizontal  resolution  is  20  km  and  the 
terrain  following,  30  level,  vertical  coordinate  system 
is  distributed  so  that  the  resolution  is  greatest  near 
the  surface  of  the  earth  and  decreases  upwards.  This 
scheme  allows  us  to  resolve  the  large  vertical  gradi¬ 
ents  in  temperature  and  moisture  typically  found  near 
the  surface  that  are  critical  for  evaluating  refractive 
effects.  NORAPS  was  run  twice  daily  in  a  data  as¬ 
similation  mode  to  provide  24  h  forecasts,  with  data 
archived  every  four  hours  during  the  forecast  periods. 
Data  assimilation  is  important  because  there  is  not 
enough  data  to  adequately  define  the  structure  of  the 
atmosphere  across  the  model’s  domain.  In  the  data  as¬ 
similation  method,  the  previous  12  h  forecast  is  used 
as  a  starting  point  and  observed  data  is  incorporated 
with  an  optimum  interpolation  analysis  in  order  to 
initialize  the  next  forecast.  In  this  way,  details  of  at¬ 
mospheric  structures  are  maintained  from  one  model 
forecast  to  the  next  and  are  modified  using  available 
data.  This  process  is  repeated  every  12  h  to  maintain 
an  updated  forecast  based  on  the  most  current  condi- 
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tions.  Over  water,  the  sea  surface  temperature  field  is 
updated  every  24  h  and  fixed  during  the  intermediate 
forecast  periods. 

4.1.1  Meteorological  evaluation  of  NORAPS 
VO  CAR  performance 

The  performance  of  NORAPS  during  VOCAR  has 
been  documented  in  Burk  et  a/.J1994]  and  Burk  and 
Thompson  [1994].  NORAPS  forecast  a  typical  Califor¬ 
nia  coastal  summertime  pattern  during  the  beginning 
of  the  VOCAR  experimental  period.  The  predominate 
northerly  flow  aloft  along  the  central  California  coast 
topographically  forced  a  large-scale  eddy  in  the  bight 
which  resulted  in  weak  southerly  flow  immediately  ad¬ 
jacent  to  the  coast.  This  weak  pattern  allowed  a  sig¬ 
nificant  diurnal  variation  in  the  atmospheric  bound¬ 
ary  layer  and  associated  elevated  trapping  layer  to  de¬ 
velop.  The  trapping  layer  tended  to  be  low  at  midday 
and  then  elevate  and  weaken  at  night.  The  diurnal 
variability  decreased  sharply  westward,  away  from  the 
coastline;  at  the  location  of  the  R/V  POINT  SUR, 
the  diurnal  behavior  was  discernible  but  not  nearly  as 
pronounced  as  at  Pt.  Mugu.  As  the  experiment  pro¬ 
gressed,  the  northerlies  turned  more  northeasterly  and 
an  eddy  developed  off  the  northern  California  coast,  in 
the  lee  of  the  Siskiyou  and  Klamath  mountain  ranges. 
The  eddy  developed  into  a  mesoscale  low  that  drifted 
southward  and  caused  the  winds  in  the  bight  to  shift  to 
the  west.  This  movement  of  the  low  caused  the  bound¬ 
ary  layer  in  the  bight  to  deepen  and  the  trapping  layer 
and  associated  duct  to  rise  and  weaken.  The  boundary 
layer  adjacent  to  the  coast  just  north  of  Point  Concep¬ 
tion  was  forecast  to  be  somewhat  shallower  due  to  di¬ 
vergence  associated  with  the  acceleration  of  a  low  level 
jet  just  above  the  boundary  layer.  During  this  period, 
NORAPS  forecast  a  weakening  of  upper  level  subsi¬ 
dence  and  the  advection  of  moist  air  aloft.  These  two 
features  resulted  in  the  trapping  layer  rising  and  weak¬ 
ening  over  time.  Comparison  with  individual  sound¬ 
ings  show  that  NORAPS  correctly  forecast  the  atmo¬ 
spheric  boundary  layer  and  trapping  layer  trends  dur¬ 
ing  the  early  and  middle  VOCAR  periods,  although 
the  depth  of  the  boundary  layer  (height  of  the  trap¬ 
ping  layer)  was  under  forecast.  The  causes  of  these 
forecast  errors  have  been  attributed  to  the  initializa¬ 
tion  procedure  and  to  over-forecasts  of  near  surface 
heating  caused  by  the  crude  representation  of  the  off 
shore  islands  [Burk  and  Thompson, 1994]. 


4.2  Refract ivity  inferred  from  propa¬ 
gation  measurements 

The  inference  of  refractivity  parameters  from  the 
VOCAR  EMpropagation  data  is  discussed  in  Rogers, 
[1996];  only  a  brief  outline  will  be  given  here.  As  de¬ 
scribed  in  section  3,  ©  =  [0d;©h]^  =  [h,m\d]'^  is 
a  parameter  vector  describing  a  single  realization  of 
the  refractive  environment.  ^(0,/)  is  the  propaga¬ 
tion  factor  at  frequency  /  associated  with  refractivity 
realization  0.  The  mean  propagation  factor  over  the 
realizations  of  0/^  is  p(©D>  /)•  In  vector  form,  we  have 


G(0z>) 


gjQp.h) 

g{QDj2) 

.  giQpJs)  _ 


where  G{Qd)  is  the  column  vector  of  mean  propa¬ 
gation  factors  associated  with  deterministic  param¬ 
eter  vector  ©£>  over  the  various  realizations  of  ran¬ 
dom  parameter  vector  0/?.  At  a  single  frequency  /o, 
g{h,  m,  /o)  can  be  pictured  as  contour  plot  in  the  h,  m 
parameter  space.  This  is  illustrated  in  figure  4  which 
illustrates  contours  of  constant  propagation  factor  for 
the  geometry  and  frequencies  of  the  VOCAR  experi¬ 
ment. 


Figure  4:  Three  contours,  each  corresponding  to  a  con¬ 
stant  propagation  factor  of  F  =  —30,  for  the  three 
VOCAR  frequencies. 


Y{t)  =  [yi{t),y2{t),y3{t)]'^  is  the  vector  of  mea¬ 
sured  propagation  factor  at  the  three  VOCAR  fre- 
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quencies  at  time  t.  The  summed  squared  error  of  es¬ 
timating  the  propagation  factor  at  time  t  using  prop¬ 
agation  factors  corresponding  to  ©p  is 

R{t,  &d)  =  iY{t)  -  -  G{e^),  (4) 

where  T  is  used  to  indicate  the  transpose. 

Determining  an  effective  error  variance  term 
(to  account  for  modeling  and  measurement  errors)  by 
a  posteriori  maximum  likelihood  computation,  /y(t)|e^ 
(the  probability  density  of  observing  propagation  fac¬ 
tors  vector  y(t),  given  that  the  environment  vector 
0p  is  equal  to  0^)  is 


The  form  of  5  is  the  result  of  assuming  that  the  three 
individual  elements  of  y(i)-G(0D)  have  independent 
identically  distributed  Gaussian  distributions. 
Applying  Bayes’  rule  we  have 


PrCe'  \Y)  =  fywiep  (0|Qg)/eo (6^^,) 

^  X!L/y(t)|eo(5^WI©£')/eD(©i>M©z)’ 

where  feoi^D)  is  our  prior  density  of  0/>  and  the 
prime  (')is  used  to  indicate  that  0^  is  a  single  combi¬ 
nation  of  the  h  and  m.  In  this  problem,  it  was  assumed 
that  elements  of  0£)  were  uniformly  distributed  over 
the  parameters  space  W  defined  by 


BdCW 


f  200  <  h  <  1000 
I  0  <  m  <  65 


(5) 


where  the  limits  of  the  parameters  space  were  based 
upon  examination  of  the  VOCAR  radiosondes.  Con¬ 
sequently,  the  previous  equation  can  be  reduced  to 


^  Iw  fY(t)ieD{Yit)\QD)dQD 


It  should  be  noted  that  while  (in  this  case)  the  prior 
information  has  been  used  only  to  limit  the  parameter 
space  to  feasible  values,  the  prior  distribution  is  the 
way  by  which  climatology  can  be  incorporated  into  the 
estimation  algorithm. 

An  example  of  inferring  parameter  values  from  mea¬ 
sured  propagation  is  shown  in  figure  5.  We  assume 
that  at  time  a  measured  propagation  factor  vector 
of  y  =  [“30  30  —  30]^  is  recorded.  The  relative 

likelihood  of  any  particular  combination  of  h  and  m 
is  proportional  to  the  shading  where  lighter  shading 
indicates  higher  likelihood. 


0  10  20  30  40  so  60 


M-deficit  (M-unrts) 

Fig-ure  5:  Relative  likelihood  of  height  h  and  M-deficit 
m  corresponding  to  measured  propagation  factors  vec¬ 
tor  of  y(i)  =  [-30  “  30  -  30]^  for  the  VOCAR  fre¬ 
quencies  and  geometries. 


As  with  the  parameterization  discussed  in  section  3, 
there  are  weaknesses  with  this  procedure.  The  great¬ 
est  of  these  is  the  assumption  that  the  mismatches 
(i.e.  the  values  of  Y{t)  —  G(0£)))  are  Gaussian  pro¬ 
cesses  and  are  invariant  over  the  parameter  space. 


5  Validation  data 

To  prepare  height-range  cross  sections  of  refractiv- 
ity  for  the  Radio  Physical  Optics  (RPO)  program, 
the  refractivity  structure  matching  algorithm  (RSMA) 
was  developed  by  Vogel  [1991]  and  modified  by  Cook  et 
a/.; [1994],  Processing  by  RSMA  guarantees  that  two 
important  input  data  requirements  for  RPO  are  met: 
a)  every  profile  contains  the  same  number  of  levels, 
and  b)  the  nth  level  in  any  one  profile  is  matched  to  a 
refractivity  structure  at  the  nth  level  in  all  the  other 
profiles.  The  matching  of  common  refractive  layers  is 
accomplished  in  three  steps.  First,  each  level  in  every 
profile  is  categorized  based  on  its  refractivity  structure 
type.  The  top  and  bottom  levels  are  all  assigned  to 
the  same  category  to  ensure  they  are  always  matched 
up.  Second,  the  primary  structure  types  considered 
important  for  propagation  are  matched  between  ad¬ 
jacent  profiles  within  physically  reasonable  bounds. 
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The  matching  is  done  iteratively,  so  that  like  struc¬ 
tures  near  the  same  altitude  are  matched  first.  This 
procedure  ensures  the  layers  transition  smoothly  in 
refractive  effect  and  altitude.  Many  refractive  struc¬ 
tures/pairings  are  considered  minor  and  are  ignored 
by  RSMA.  Third,  all  the  remaining  profile  levels  are 
matched  using  a  secondary  “best  fit”  algorithm  that 
connects  all  the  unmatched  points  between  the  pri¬ 
mary  matched  levels.  Any  remaining  unmatched  points 
are  interpolated  in  between  the  matched  levels  to  force 
the  structures  to  be  consistent  from  profile  to  profile. 

For  this  study,  14  marine  cross  sections  were  iden¬ 
tified  during  VOCAR  where  the  data  were  collected 
within  about  one  hour  of  each  other.  Each  cross  sec¬ 
tion  consists  of  three  profiles  starting  at  San  Clemente 
Is.  (NUC),  runs  through  the  NFS  R/V  Point  Sur  near 
the  center  (SUR),  and  ends  at  Ft.  Mugu  (NTD).  Ta¬ 
ble  1  lists  the  profiles  and  the  mean  starting  times 
which  were  used  for  comparison  with  the  four  hourly 
NORAPS  data.  Because  RSMA  was  not  designed  to 
process  the  large  number  of  vertical  levels  and  fine 
structure  associated  with  the  profile  measurements,  a 
simple  preprocessing  step  was  required  to  reduce  the 
data  and  make  further  processing  feasible.  The  re¬ 
duction  was  accomplished  by  fitting  straight  line  seg¬ 
ments  to  the  profiles  while  preserving  the  important 
refractive  structures  determined  by  a  criterion  that 
depends  on  height.  The  criterion  used  was  a  1/4  m- 
unit  root-mean-square  (RMS)  deviation  at  the  surface 
which  increased  three  m-units  per  kilometer  altitude. 
This  line-fitting  procedure  preserved  structures  near 
the  surface  and  considerably  simplified  the  profiles 
aloft.  The  resulting  profiles  were  then  processed  by 
RSMA  and  formatted  for  input  into  RPO.  In  general, 
the  cross  sections  depict  initially  a  stratified  atmo¬ 
sphere  with  a  strong  surface-based  duct,  due  to  an  ele¬ 
vated  trapping  layer  whose  height  tends  to  be  lowest  at 
mid  path  (R/V  POINT  SUR).  With  time,  the  bound¬ 
ary  layer  shallows  slightly  then,  early  on  28  Aug.,  the 
boundary  layer  rapidly  deepens,  raising  the  elevated 
trapping  layer  and  the  duct.  The  later  cross  sections 
also  describe  a  more  homogeneous  atmospheric  con¬ 
dition,  both  as  a  function  of  range  with  a  consistent 
trapping  layer  height,  and  as  a  function  of  height  with 
the  atmosphere  exhibiting  much  less  stratification. 


6  Performance 

Before  examining  overall  results,  two  “events”  are 
examined:  serial  days  239.167  and  241.666.  The  for¬ 
mer  is  an  instance  where  using  the  mesoscale  model 


Table  I:  VOCAR  cross  sections  from  San  Clemente 
Island  (NUC),  through  the  R/V  POINT  SUR  (SUR), 
and  to  Pt.  Mugu  (NTD).  Times  are  Pacific  Standard 
Time  (PST). 


# 

Calendar  date 

Serial  day 

1 

25  Aug.  1933 

237.833 

2 

26  Aug.  1556 

238.666 

3 

27  Aug.  0346 

239.167 

4 

27  Aug.  0735 

239.333 

5 

27  Aug.  1532 

239.666 

6 

28  Aug.  0338 

240.166 

7 

28  Aug.  0741 

240.333 

8 

28  Aug.  1555 

240.666 

9 

28  Aug.  1934 

240.833 

10 

29  Aug.  0341 

241.167 

11 

29  Aug.  0743 

241.333 

12 

29  Aug.  1528 

241.666 

13 

29  Aug.  1928 

241.833 

14 

30  Aug.  0341 

242.133 

generated  refractivity  profiles  results  in  a  significant 
negative  bias  in  resulting  propagation  estimates.  Con¬ 
sequently,  the  additional  information  from  the  inverse 
medium  problem  significantly  improves  the  accuracy 
of  propagation  estimates.  In  the  latter  case,  the  mesoscale 
model  refractivity  estimates  have  high  fidelity  to  the 
true  environment  so  that  the  addition  of  information 
from  the  inverse  medium  problem  does  not  signifi¬ 
cantly  improve  propagation  estimation. 

6.1  Date  serial  239.167 

The  upper  plot  in  figure  6  is  a  cross  section  of  the 
refractivity  fields  constructed  from  the  NORAPS  tem¬ 
perature  and  humidity  fields  as  described  in  section 
4.1.  The  lower  plot  in  figure  6  is  vertical  refractiv¬ 
ity  profiles  for  the  same  cross  section  that  have  been 
joined  using  the  RSMA  algorithm  as  described  in  sec¬ 
tion  5.  Comparing  the  two  graphs,  the  following  is 
noted: 

1.  The  average  height  of  the  base  of  the  trapping 
layer  is  roughly  the  same  in  both  the  NORAPS 
generated  profiles  and  the  RSMA-processed  mea¬ 
sured  profiles. 

2.  The  same  downward-sloping  base  of  the  trapping 
layer  is  observed  in  both  sets  of  profiles. 
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3.  The  strength  of  the  trapping  layers  is  much,  much 
stronger  in  the  RSMA-processed  measured  pro¬ 
files. 

4.  In  the  measured  profiles,  a  weakening  of  the  trap¬ 
ping  layer  with  respect  to  range  is  observed.  In 
the  mesoscale  profiles,  the  same,  albeit  weaker 
trend  is  observed. 

These  two  plots  considered  thus  far  illustrate  just  how 
well  the  mesoscale  model  forecast  can  capture  the  hor¬ 
izontal  evolution  of  the  refractivity  structure.  They 
also  illustrate  how  much  weaker  the  trapping  layer 
representations  from  the  mesoscale  model  can  be  with 
respect  to  the  measured  values. 


Mesoscale  model  run  for  day  239.167 


0  20  40  60  80  100  120  140 


Range  (km) 


Modified  mesoscale  model  for  day  239.167 


Measured  refractivity  profiles  for  day  239.167 


Range  (km) 


Figure  6:  Refractivity  cross  sections  for  serial  day 
239.167  from  the  mesoscale  model,  modified  (or  data- 
fused)  profiles,  and  from  measured  profiles  respec¬ 
tively  The  thin  line  in  each  the  the  first  two  plots 
indicates  the  height  of  the  base  of  the  trapping  layer 
h. 


6.1.1  Application  of  bias  correction 

The  application  of  the  bias-correction  method  is  illus¬ 
trated  in  figure  7.  Obtaining  the  conditional  probabil¬ 


ity  distribution  Pr(0D|l^)  =  Pr(h,m|y)  is  described 
in  section  4.2.  A  line  of  feasible  solutions  in  the  {/i,  m} 
parameters  space  is  calculated  from  Pr(h,m|F)  using 

{h,m}FEAS  =  MaXm(Pr(/i,m|y)). 

This  is  equivalent  to  saying  that  once  we  have  observed 
y,  that  for  given  height  h,  the  feasible  value  of  m  is 
the  one  that  maximizes  Pr(h,m|y). 

Next,  the  averages  Jimes  ^^nd  tumes^  are  computed 
from  hMEsi'^)  '^MEs{'^)y  the  range  (r)  dependent 
values  of  base  height  and  M-deficit  calculated  from 
the  NORAPS  generated  refractivity  fields  (hence  the 
subscript  MES) .  The  local  gradient 

dh'  dm  J  .  _  ’ 

is  computed  numerically.  Moving  in  the  direction  of 
that  local  gradient  we  intersect  the  line  of  feasible  so¬ 
lutions.  That  is  our  value  of  (hMOD-,'^MOD)  where 
the  subscript  MOD  is  used  to  denote  that  these  are 
the  modified  (or  data  fused)  parameter  values.  Now  a 
set  of  tri-linear  profiles  are  determined  such  that: 

=  hMOD —  T^mes  (6) 

mMOoi'r)  =  rfiMOD  +  'rriMBsir)  -  friMES^  (7) 


- - - • - « - - - - - 

O  1 0  20  30  40  50  60 

M— deficit 


Fig-ure  7:  Parameter  space  for  serial  day  239.167. 

The  data-fused  tri-linear  profiles  appear  in  the  mid¬ 
dle  plot  in  figure  6.  It  is  clear  that  the  trapping 
layer  strengths  are  substantially  greater  than  those 
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observed  in  the  raw  mesoscale  model  outputs.  Ad¬ 
ditionally,  the  range  dependency  of  the  base  heights 
has  been  preserved  and  closely  matches  that  of  the 
measured  profiles.  There  is  a  minor  weakening  in  the 
trapping  layer  with  respect  to  range  in  the  modified 
profiles,  but  it  is  less  pronounced  than  in  the  measured 
profiles. 

6.2  Date  serial  241.666 

While  on  date  serial  239.167,  there  exists  a  large 
diflference  between  the  mesoscale  model  predicted  and 
the  measured  refractivity  profiles,  on  date  serial  241.666, 
the  predicted  and  measured  were  quite  close  as  can  be 
seen  in  figure  8.  As  a  consequence,  the  bias  correc¬ 
tion  is  small  and  the  bias  corrected  profiles  do  not  dif¬ 
fer  significantly  from  either  the  predicted  or  measured 
profiles. 


Mesoscale  model  run  for  day  241.666 


Range  (km) 


Modified  mesoscale  model  for  day  241 .666 


Measured  refractivity  profiles  for  day  241.666 


Range  (km) 


Figure  8:  Refractivity  cross  sections  for  serial  day 
241.666. 

6.3  Overall  results 

Figure  9  is  a  time  series  of  propagation  factors  at 
1000  GHz  predicted  using  (a)  radiosonde  profiles  pro¬ 


cessed  using  RSMA  as  described  in  section  5,  (b)  mesoscale 
model  generated  refractivity  fields  as  described  in  sec¬ 
tion  4.1,  and  (c)  bias  corrected  tri-linear  profiles  gen¬ 
erated  as  described  in  section  6.1.1.  It  is  clear  that  the 
while  there  are  times  where  using  the  raw  mesoscale 
model  fields  results  in  accurate  refractivity  estimates, 
there  are  times  when  their  use  does  not.  In  those  cases 
(i.e.  the  first  three  data  points),  the  bias  corrected 
profiles  provide  much  better  estimates. 


(a)  RSMA  processed  soundings 

(b)  Mesoscale  model 

Hi-  (c)  Bias-corrected  mesoscale  model 


Figure  9:  Time  series  of  propagation  factors  at  1.0 
GHz. 


7  Summary 

A  simple  algorithm  has  been  implemented  to  fuse 
data  from  the  mesoscale  model  with  parameter  values 
inferred  from  radio  remote  sensing.  The  major  points 
from  the  work  include: 

1.  Weaknesses: 

(a)  The  parameterization  used  is  heuristic  in 
nature  and  based  largely  upon  observations 
of  the  behavior  of  the  capping  inversion  layer 
in  the  Southern  California  bight. 
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(b)  With  results  based  upon  only  five  days  of 
test  data  from  only  a  single  geographical 
region,  the  representativeness  of  the  results 
is  open  to  question. 

(c)  There  is  no  “physics”  in  the  parameter  space 
movement. 

2.  Strengths: 

(a)  As  is  illustrated  in  figure  9,  the  intended 
objective,  unbiasing  the  mesoscale  model, 
is  achieved. 

(b)  The  implementation  is  computationally  sim- 
pie. 

7.1  Future  direction 

What  direction  the  data  fusion  efforts  should  take 
is  a  function  of  Navy  needs.  In  this  paper  we  have 
used  measured  propagation  data  to  improve  mesoscale 
model  refractivity  fields.  An  equally  pressing  need  is 
to  be  able  to  incorporate  local  radiosonde  data  into 
mesoscale  model  fields.  The  key  element  in  both  of 
these  problems  is  parameterization. 

Ultimately,  a  parameterization  will  be  developed 
combining  two  very  different  techniques.  First,  large- 
eddy-simulation  (LES)  such  as  described  in  Otte,  et 
al.  [1996],  and  Khanna,  et  al  [1996]  are  used  to 
develop  parameterizations  and  other  techniques  that 
makes  sense  meteorologically.  Equally  important  is  to 
perform  the  sensitivity  analysis  to  determine  the  mod¬ 
eling/parameterization  that  is  optimal  from  a  propa¬ 
gation  estimation  standpoint. 
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An  ca"tificial  neural  network  model  (ANN)  has  been  developed  to  predict  the  aero¬ 
sol  concentration  distribution  resulting  from  the  volley  firing  of  screening  grenades  for 
armoured  vehicles.  The  data  were  collected  during  trial  firings  using  the  Defence  Re¬ 
search  Establishment  Valcartier  (DREV)  Laser  Cloud  Mapper  ^CM),  a  scanning  LIDAR 
device  operating  at  1.06  pm.  The  ANN  model  was  able  to  predict  volumetric  extinction 
coefficients,  and  thus  aerosol  concentrations,  to  within  an  average  error  of  1. 78  for  a 
validation  set  of  1103  data  points.  A  basic  Gaussian  plume  model  was  also  used  to  gener¬ 
ate  predictions  over  the  same  validation  set,  but  the  average  error  was  14.5,  almost  an 
order  of  magnitude  worse  than  the  ANN  predictions.  An  examination  of  the  extinction 
coefficients  along  a  line-of-sight  normal  to  the  aerosol  cloud  revealed  a  bimodal  distribu¬ 
tion,  which  was  also  predicted  by  the  ANN  model.  The  Gaussian  model  predicted  a 
monomodal  distribution. 

As  the  data  set  used  for  training,  testing  and  validation  was  limited  to  the  firing 
of  two  volleys  of  different  composite  grenades  (phosphorus  and  metal  flake),  the  ANN 
model  can  not  be  considered  adequate  for  general  application,  but  rather  serves  as  a 
proof  of  principle  that  neural  networks  are  capable  of predicting  the  spacial  and  tempo¬ 
ral  distribution  of  aerosol  particles  better  than  conventional  Gaussian  models.  A  pro¬ 
gram  of  further  data  collection  at  DREV  and  subsequent  analysis  using  ANNs  is  planned 
for  the  future. 


Introduction 

For  some  years,  Defence  Re¬ 
search  Establishment  Valcartier  has  used 
a  scanning  light  detection  and  ranging 
(LIDAR),  called  a  Laser  Cloud  Mapper 
0-CM)^  to  measure  the  attenuation  of 
laser  pulses  caused  by  various  aerosols 
under  consideration  for  military  use.^’'* 
The  backscatter  data  have  been  con¬ 


verted  to  volume  extinction  coefficient 
maps  and  give  an  indication  of  the  con¬ 
centration  distribution  of  the  obscurant 
aerosols.  Although  these  data,  collected 
over  several  years  and  for  a  wide  variety 
of  aerosols,  were  mainly  used  to  assess 
obscuration,  they  also  present  informa¬ 
tion  on  the  dispersion  of  aerosols  from  a 
point  source  which  emits  over  a  rela¬ 
tively  short  duration  (<60  sec).  It  is  sig- 
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nificant  to  note  that  obscuring  grenades, 
which  form  a  large  portion  of  the  data 
set,  are  neither  instantaneous  (pufiQ  nor 
continuous  (plume),  but  rather  somewhat 
transient,  with  a  short  buming/emission 
time. 

The  classical  prediction  models 
are  the  Gaussian  puff  for  instantaneous 
emissions  and  the  Gaussian  plume  for 
continuous  emissions.  This  paper  exam¬ 
ines  the  adequacy  of  Gaussian  models  to 
predict  the  aerosol  dispersion  measured 
by  the  LCM  and  to  compare  these  to  a 
model  developed  using  artificial  neural 
networks  (ANNs),  an  aspect  of  artificial 
intelligence  and  a  relatively  new  ap¬ 
proach  to  modelling. 

Gaussian  Modelling 

The  two  Gaussian  models,  the 
plume  and  the  puff,  are  based  on  dijSu- 
sion  theory,  with  the  concentration  de¬ 
creasing  exponentially  fi’om  the  centre¬ 
line  or  centre.*  The  more  widely  used, 
and  thus  the  better  characterized  of  the 
two  is  the  plume  model,  which  has  a  va¬ 
riety  of  applications  for  aerosol  and  va¬ 
pour  dispersion.  The  general  Gaussian 
plume  equation  describing  aerosol  con¬ 
centration,  C  (g/m^),  fi'om  a  continuous 
source,  is 


C  = 


X 


(1) 


where  Q  is  the  source/production  rate 
(g/s),  Gy  and  Gz  are  standard  deviations  in 
azimuth  and  elevation  respectively  (m),  y 
and  z  are  respective  a2imuthal  and  verti¬ 
cal  distances  fi'om  the  centreline  (m),  h  is 


the  distance  of  the  plume  centreline 
above  ground  (m)  and  u  is  the  wind 
speed  (m/s)  taken  as  being  along  the  x 
axis. 

A  Gaussian  distribution,  by  defi¬ 
nition,  has  two  fitting  parameters,  a  mean 
(in  this  case  the  centreline  concentration 
provided  by  the  first  term  on  the  RHS  of 
the  Eq.l)  and  a  standard  deviation  (here 
contained  in  the  Gy  and  Gz  terms).  It  is 
noteworthy  that  for  the  aerosol  disper¬ 
sion  application,  these  standard  devia¬ 
tions  are  determined  fi'om  the  appropri¬ 
ate  Pasquill  stability  categories®,  which  in 
turn  are  fimctions  of  distance  fi'om  the 
source  (x),  cloud  cover,  time  of  day,  etc. 
The  basic  assumptions  inherent  in  the 
Gaussian  plume  model  are  constant  emis¬ 
sion,  conservation  of  mass,  (no  ground 
deposition),  steady  wind  and  that  the  re¬ 
sults  are  time  averaged.  Such  parameters 
as  ambient  temperature,  relative  humid¬ 
ity,  surface  roughness  as  well  as  ground 
deposition,  any  chenucal  kinetics  or 
aerosol/atmosphere  reactions  are  not  ex¬ 
plicitly  or  even  implicitly  included  in  the 
basic  model,  although  additional  terms 
can  be  added.  Two  fixrther  limitations  are 
that  the  Gaussian  plume  model  predicts 
rather  poorly  less  than  100  m  fi'om  the 
source  and  that  the  quality  of  predictions 
varies  inversely  with  distance  from  the 
centreline.’ 

Although  some  of  the  limitations 
mentioned  above  could  be  addressed  by 
physically-based  or  semi-empirical  fit¬ 
tings  (notwithstanding  that  the  Gy  and  Gz 
values  are  themselves  semi-empirical  in 
nature),  it  was  decided  to  use  the  general 
Gaussian  plume  model  as  the  basis  of 
comparison  for  AMN  models. 

The  instantaneous  Gaussian  puff 
model,  which  intuitively  should  provide  a 
better  prediction  of  aerosol  dispersion 
fi’om  screening  grenades  than  the  con- 
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tinuous  plume  model,  was  found  to  per¬ 
form  not  nearly  as  well.  This  is  probably 
due  to  the  fact  that  the  wider  use  of  the 
plume  model  has  led  to  much  better 
characterizations  of  the  standard  devia¬ 
tions  (oy  and  Cz)  values  used  for  predic¬ 
tions.* 

Artiflcial  Neural  Network  Models 


inputs  are  summed  and  then  mapped 
back  into  the  range  -1  to  +1  by  the  appli¬ 
cation  of  a  hyperbolic  tangent  transfer 
function  before  being  passed  to  the  out¬ 
put  layer.  Conventionally,  there  are  one 
or  two  hidden  layers,  with  the  intercon¬ 
nections  between  nodes  in  the  two  hid¬ 
den  layers  being  analogous  to  those  be¬ 
tween  the  input  and  first  hidden  layer. 


Artificial  neural  networks  are 
considered  a  branch  of  artificial  intelli¬ 
gence  and  found  their  origins  in  psy¬ 
chologists  attempts  at  modelling  the 
brain’s  functions.  The  seminal  work  on 
the  back  propagation  paradigm,  the  most 
widely  used  of  ANN  models,  was  only 
published  in  1986.® 

Basically,  an  artificial  neural  net¬ 
work  takes  raw  input  data,  maps  it  into 
an  input  space,  and  then  introduces  it 
into  the  network.  The  network  itself  is  an 
interconnection  of  nodes  or  processing 
elements  (also  sometimes  called  artificial 
neurons)  which  are  arranged  in  layers 
(Fig.  1).  The  input  layer  contains  a  node 
for  each  variable,  with  each  complete  set 
of  variables  describing  a  specific  input 
vector.  For  example,  each  measured 
value  of  volumetric  extinction  coefiSdent 
has  a  corresponding  vector  of  measured 
experimental  variables  and  parameters.  In 
addition  to  the  input  variables,  the  input 
layer  also  contains  a  bias  node  which  is 
permanently  assigned  a  value  of  1  and  is 
analogous  to  an  electrical  ground.  Its 
presence  was  found  to  aid  convergence 
during  training. 

Each  node  in  the  input  layer  is 
connected  to  each  node  in  the  next  layer, 
which  is  usually  called  the  hidden  layer. 
The  scaled  (mapped)  input  values  each 
have  a  weight  applied  to  them  before  the 
values  are  introduced  into  the  hidden 
layer.  At  each  hidden  node,  the  weighted 


Output 


Layer  Layer 


Fig.  1.  Typical  architecture  of  a  back 
propagation  neural  network. 


Again,  each  hidden  node  in  the 
final  hidden  layer,  as  well  as  the  bias 
node,  is  connected  to  each  output  node, 
with  the  process  of  applying  weights  to 
each  connection,  the  weighted  inputs 
being  summed  and  then  having  a  transfer 
function  applied  being  repeated.  The 
output  of  the  output  node(s)  must  then 
be  mapped  back  into  real-world  value(s). 

To  initial  scaling  of  input  vari¬ 
ables,  is  effected  by: 


=  2r, 


^  M,.  + 

^  M  -  m,.  j 


(2) 


where  Vi  is  the  unsealed  i***  input  value. 
Mi  is  the  maximum  value  of  the  range  of 
the  i*  input,  mi  is  the  minimum  value  of 
the  range  of  the  i***  input  and  Xi  is  the 
scaled  1“*  input  value. 
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The  scaled  inputs  (which  can  also 
be  considered  as  the  outputs  of  the  input 
layer)  have  the  appropriate  connecting 
weights,  Wji  applied.  These  weighted 
outputs  become  the  inputs  for  the  nodes 
of  the  first  hidden  layer,  where  they  are 
summed  and  then  transformed  using  a 
transfer  function,  as  outlined  by  the  fol¬ 
lowing  equations; 

n 

(3) 

1=0 

where  wji  is  the  connection  weight  be¬ 
tween  the  hidden  node  and  the  i*  input 
node,  and  Ij  is  the  sum  of  the  weighted 
inputs  to  the  j"*  hidden  node,  and 

where  yj  is  the  output  of  the  j*  hidden 
node. 

This  process  is  repeated  for  the 
second  hidden  layer  and  the  output  layer. 
The  output  value  fi’om  the  output  layer 
must  then  be  mapped  back  to  provide  a 
real  value  for  the  logarithm  of  the  volu¬ 
metric  extinction  coefiBcient.  In  fact,  this 
process  is  essentially  the  reverse  of  the 
initial  scaling  described  in  Eq.2,  although 
it  is  simplified  by  only  having  to  consider 
the  mapping  of  one  variable.  This  is  ac¬ 
complished  by 

(M  -  m)z  +  {Rm  -  rM )  (5) 

^  R-r 


where  C  is  the  predicted  value  of  the 
logarithm  of  the  volumetric  extinction 
coefScient  corresponding  to  the  specific 
input  vector  defined  by  xi,X2...X9,  M  and 
m  are  the  real  (measured)  maximum  and 


minimum  of  the  output  variable  (log  o),  z 
is  the  network  output  value,  whose  range 
falls  between  the  maximum  and  minimum 
values  R  and  r  (for  the  tanh  function, 
these  values  are  taken  as  0.8  and  -0.8 
respectively). 

At  the  start  of  the  training  proc¬ 
ess,  the  connecting  weights  throughout 
the  network  are  given  random  values. 
When  the  output  value  is  generated,  it  is 
compared  to  the  corresponding  actual 
measured  value.  The  difference  between 
these  two  values  is  considered  the  global 
error  and  is  propagated  backwards 
through  the  network.  An  iterative  proc¬ 
ess  is  carried  out  of  adjusting  the  con¬ 
necting  weights  to  minimize  the  global 
error.  A  gradient  descent  optimization  is 
used  to  adjust  each  of  the  connecting 
weights  locally.  Once  the  global  error  has 
been  minimized  over  the  whole  training 
set,  the  weights  can  be  fixed  and  the 
network  can  be  used  to  make  blind  pre¬ 
dictions. 

A  trained  ANN  lends  itself  par¬ 
ticularly  well  to  incorporation  into  a 
spreadsheet  which  can  be  driven  by  a 
macro.  It  can  also  be  incorporated  into 
computer  codes  to  provide  real-time  de¬ 
termination  of  the  extinction  coefficients 
and  thus  aerosol  concentrations  or 
transmittances,  as  required. 

Data  Collection 

Some  of  the  trials  involving  the 
LCM  include  Smoke  Week 
SOCMET  Winter*^  and  Summer^^.  The 
data  used  in  this  study  were  for  two  ex¬ 
perimental  screening  grenades,  each 
composed  of  a  mix  of  red  phosphorus 
(RP)  and  metal  flake.  The  LIDAR  was 
situated  some  400  m  fi’om  the  cloud 
centreline  so  that  the  field  of  view  was 
roughly  perpendicular  to  the  longitudinal 
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axis  of  the  cloud.  The  grenades  were  66 
mm  in  diameter  and  designed  for  ar¬ 
moured  fighting  vehicle  launchers.  In 
each  case,  12  grenades  were  launched 
together,  with  their  impact  over  an  arc  of 
about  70  m.  The  red  phosphorus  was 
actually  ignited  in  the  air  during  flight 
through  the  laimch  arc.  The  metal  flake 
was  also  dispersed  while  the  grenades 
were  in  the  air  (at  an  elevation  of  some 
10  m).  As  the  grenades  continued  to  bum 
and  emit  smoke  after  the  mbberized  RP 
particles  had  reached  earth,  the  source 
was  considered  to  be  a  ground  release 
(h=0  in  Eq.  1).  Even  though  this  was  not 
strictly  tme,  it  was  not  felt  to  contribute 
significantly  to  any  modelling  errors,  as 
the  data  for  the  modelling  were  not  col¬ 
lected  until  a  coherent  cloud  had  formed. 

The  scanning  LIDAR  is  based  on 
a  1.06  pm  NdYAG  laser.  Although  the 
settings  are  adjustable,  those  used  for  the 
trial  fi'om  which  the  data  were  collected 
were  such  that,  for  one  complete  scan  or 
cycle,  the  LCM  traversed  the  90°  field  of 
view  sbc  times,  making  66  shots  per  trav¬ 
erse  (Fig.2).  The  vertical  field  of  view 
was  2°.  The  LCM  measures  the 
backscatter  from  the  laser  pulses,  with  a 
sampling  frequency  of  100  MHz.  The 
resolution  available  was  1.5  m  along  the 
shot  axis,  9.5  m  at  400  m  in  azimuth  and 
2.8  m  at  400  m  in  elevation.  A  typical 
scan  would  produce  some  198  000  data 
points  (backscatter  values). 

Electromagnetic  attenuation  by 
atmospheric  or  artifidal  aerosols  can  be 
characterized  by  the  Beer-Lambert  Law; 


where  I/Io  is  the  transmittance  through 
the  path  length  L  (m).  The  mass  extinc¬ 


tion  coefiSdent  a  (m^/g)  can  be  consid¬ 
ered  the  removal  (scattering  and  absorp¬ 
tion)  cross  section  per  unit  mass  and 
must  be  determined  empirically.  It  is  a 
function  of  aerosol  particle  size  distribu¬ 
tion,  particle  shape,  and  electromagnetic 
wavelength.*^  The  product  aC  (m**)  can 
be  considered  as  the  volumetric  extinc¬ 
tion  coefiSdent,  a,  and  is  the  value  that  is 
generated  by  the  LCM  support  software. 


begin 


Fig.  2.  Schematic  of  the  sweep  pattern  of 
the  DREV  Laser  Cloud  Mapper. 

A  weakness  inherent  in  the  LCM 
is  that  aerosol  clouds  may  be  sufiSciently 
dense  to  provide  near-complete  extinc¬ 
tion  of  the  laser  pulses.  In  such  cases, 
only  the  near  side  of  the  cloud  (closest  to 
the  LCM)  will  provide  reflections  which 
can  be  converted  to  extinction  coefiS- 
cients  or  concentrations.  For  this  reason, 
more  confidence  is  placed  in  measure¬ 
ments  from  sparse  clouds  than  from  ones 
which  are  optically  dense. 

Data  Handling 

The  backscatter  signal  strengths 
collected  by  the  LCM  are  converted  by 
support  software  to  volume  extinction 
coefiBcient  values.  With  the  vast  amount 
of  data  available  per  six-sweep  scan,  lo¬ 
cating  extinction  values  for  the  aerosol 
cloud  was  not  straightforward.  A  thresh- 
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old  value  of  2.00x10'^  was  used  as  a  fil¬ 
ter,  and  the  backscatter  resulting  fi-om 
reflections  fi'om  the  natural  background, 
such  as  trees  and  terrain  features,  had  to 
be  removed.  The  coordinate  system  was 
defined  by  having  the  x  axis  pass  through 
the  cloud  centroid,  with  the  origin  of  the 
cartesian  coordinate  system  determined 
as  the  cloud  centroid  for  the  first  scan. 

In  addition,  the  data  had  to  be 
arranged  into  a  format  suitable  for  train¬ 
ing  and  testing  ANNs  and  in  validating 
both  the  ANN  and  Gaussian  models.  The 
validation  set  was  selected  as  the  last 
scan  of  one  of  the  tests  and  was  used 
only  for  blind  validation,  i.e.,  it  was  not 
used  for  training  or  testing.  This  set 
contained  1103  data  points. 

The  extinction  coefficients  avail¬ 
able  for  analysis  ranged  over  four  orders 
of  magnitude  (10*^  to  10“*).  Conse¬ 
quently,  a  logarithmic  transformation  was 
performed.  Another  adjustment  was  to 
balance  the  distribution  of  the  data  points 
over  the  range  of  extinction  coeffidents. 
This  was  achieved  by  randomly  choosing 
points  fi’om  the  residual  data  set  (less  the 
validation  set)  to  fill  a  number  of  evenly 
wide  data  sub-range  brackets  throughout 
the  available  extinction  coeffident  range. 
The  purpose  of  this  was  to  preclude  an 
inadvertent  biasing  of  the  ANN  towards 
any  particular  sub-range  of  values. 

ANN  Development 

The  choice  of  ANN  paradigm, 
back  propagation,  was  based  on  the  wide 
use  and  general  success  it  has  exhibited 
in  solving  prediction  problems.”’*^  The 
version  used  was  NeuralWare’s  Neural- 
Works  Professional  II/Plus**  with  the 
edbd  or  extended  delta-bar-delta  option, 
which  included  dynamic  adjustments  to 
momentum  and  learning  coefficients. 


Another  parameter  investigated 
during  ANN  training  was  in  choosing  the 
input  variables  and  parameters.  The 
choice  was  limited  somewhat  by  the  na¬ 
ture  of  the  data  available,  i.e.,  only  two 
tests  were  used,  with  both  conducted 
under  relatively  uniform  meteorological 
conditions.  Consequently,  time  of  day 
and  temperature  were  deemed  insignifi¬ 
cant.  Further,  specific  details  of  the  gre¬ 
nades  were  not  available,  so  obvious  in¬ 
puts  to  describe  the  aerosols  produced, 
such  as  total  weight  of  aerosol  dispersed, 
the  bum/source  emission  rate  and  parti¬ 
cle  size  distribution,  were  not  included. 
Also,  such  values  as  ambient  tempera¬ 
ture,  barometric  pressure,  relative  hu¬ 
midity  and  thus  chemical  kinetics  data 
were  not  available  and  so  were  not  con¬ 
sidered.  The  variables  actually  considered 
are  contained  in  Table  1. 


Table  1.  Input  variables  for  the  artificial 
neural  network,  with  relative  significance 
determined  by  sensitivity  analysis  and 


normalized  to  most  signif 

icant. 

Input  Variable  or 

Relative 

Parameter 

Si^ificance 

Downwind  distance  (x) 

1 

Crosswind  distance  (y) 

.78 

Wind  velocity 

.35 

Cloud  deviation  fi-om 

.28 

centreline 

Type  of  grenade 

.24 

Time  fi-om  launch 

.23 

Type  of  grenade 

.22 

Vertical  distance  (z) 

.16 

Pasquill  category 

.05 

The  final  area  of  ANN  develop¬ 
ment  was  the  architecture  of  the  net¬ 
work.  Here  the  choice  was  in  the  number 
of  hidden  processing  elements  or  nodes 
and  their  arrangement  into  one  or  two 
hidden  layers.  The  optimal  architecture 
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arrived  at,  after  significant  investigation, 
was  9-9-4- 1,  or  nine  input  nodes,  nine 
nodes  in  the  first  hidden  layer,  four  in  the 
second  hidden  layer  and  one  node  in  the 
output  layer  (logarithm  of  the  volumet¬ 
ric  extinction  coeflBcient).  In  general,  the 
fewer  the  number  of  hidden  nodes  the 
better,  as  this  forces  the  model  to  gener¬ 
alize  and  not  memorize.  The  larger  num¬ 
ber  used  in  this  application  may  well  be 
due  to  ^ergistic  effects  among  some  of 
the  inputs. 

Model  Perfonnance 

The  metric  chosen  to  assess 
model  performance  was  the  average 
relative  error,  E,  of  the  validation  set, 
which  was  applied  to  both  the  Gaussian 
and  the  ANN  models.  This  is  determined 
by 


where  Om,!  is  the  LCM-measured  volu¬ 
metric  extinction  coefiBcient  (m*^)  and  Opj 
is  the  model-predicted  volumetric  ex¬ 
tinction  coefBdent  (m**). 

A  scatter  plot  of  the  Gaussian 
plume  model  can  be  seen  in  Fig.  3.  Per¬ 
fect  agreement  between  measurement 
and  prediction  worild  be  depicted  by 
points  falling  along  a  diagonal  with  a 
slope  of  1 .  It  can  be  seen  that  most  of  the 
data  are  overpredicted  by  the  Gaussian 
model  while  a  significant  number  (the 
points  aligned  at  the  bottom)  were  un¬ 
derpredicted.  Here  these  data  were  arbi¬ 
trarily  assigned  predicted  values  of  -4.7, 
so  that  they  would  be  shown  graphically 
without  greatly  distorting  the  depiction 
of  the  majority  of  the  data  points.  In  fact, 
the  points,  in  some  cases,  were  several 


orders  of  magnitude  below  the  measured 
values. 

The  relative  error  for  the  Gaus¬ 
sian  model  was  determined  to  be  14.5,  or 
almost  1.5  orders  of  magnitude,  due 
largely  to  the  underpredictions  at  the 
cloud  extremities  (Table  2).  It  is  worth 
noting  that  the  Gaussian  plume  model  is 
the  combination  of  12  separate  plume 
models,  one  for  each  grenade  launched. 
It  should  also  be  noted  that  the  puff" 
model  was  also  investigated,  but  the  pre¬ 
dictions  were  not  as  good  as  those  from 
the  plume  model,  probably  because  the 
standard  deviations  are  better  character¬ 
ized  for  the  more  common  plume  model. 


•4  41  -2  -1  0 

Measured  Extinctiaa  Coefficient 

log(<W 


Fig.  3.  Scatter  plot  of  Gaussian  plume 
model  predictions  of  logarithms  of  volu¬ 
metric  extinction  coefficients  vs  loga¬ 
rithm  of  LCM  measured  values  for  vali¬ 
dation  set  of  1 103  values. 


Table  2.  Comparison  of  average  relative 
errors  of  ANN  and  Gaussian  plume  pre¬ 
dictions  for  the  validation  set. 


Neural 

Gaussian 

Network 

Plume 

Error 

1.78 

14.5 
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The  performance  of  the  ANN 
model  can  be  seen  in  Fig.  4.  The  data  are 
much  better  distributed  about  the  ideal 
line  of  slope  1.  The  relative  error  of  1.78 
for  the  validation  set  is  quite  reasonable, 
indicating  that  actual  predicted  values 
are,  on  average,  within  a  factor  of  2  of 
the  measured  values  Table  2.  This  differ¬ 
ence,  of  course,  is  much  smaller  (0.25) 
when  the  logarithmic  values  are  consid¬ 
ered,  as  depicted  in  Fig.  4. 


•4  *3  *2  *1  0 
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Fig.  4.  Scatter  plot  of  artificial  neural 
network  prediction  of  logarithm  of 
volumetric  extinction  coefBcient  vs  loga¬ 
rithm  of  LCM  measured  values  for  vali¬ 
dation  set. 

Noteworthy  also  is  the  fact  that 
the  ANN  model  does  not  predict  extinc¬ 
tion  coeflScients  above  about  0.04  m'\ 
even  though  some  measured  values  were 
as  high  as  0.7  m'\  This  is  probably  due 
to  the  generalizing  nature  of  the  ANN, 
which  was  trained  on  a  paucity  of  data 
above  0. 1  m'\ 

It  should  also  be  borne  in  mind 
that  the  training,  test  and  validation  sets 
were  limited  to  two  tests  (i.e.,  two  sepa¬ 
rate  volleys  of  12  grenades  each).  Al¬ 
though  more  data  were  available,  there 
was  insufficient  information  on  grenade 
compositions  and  meteorological  condi¬ 


tions.  Consequently  only  the  two  firings 
were  chosen  for  evaluation,  and  data 
fi’om  most  of  the  tests  conducted,  which 
could  not  be  sufficiently  characterized, 
were  not  used. 

The  ANN  model  developed,  then, 
is  not  a  generalized  predictor  of  aerosol 
dispersion.  Rather,  it  is  a  proof  of  princi¬ 
ple  that  an  artificial  neural  network,  with 
the  inherent  flexibility  of  choice  of  input 
variables  can  provide  a  good  prediction 
of  a  fairly  complex  and  chaotic  phe¬ 
nomenon,  the  dispersion  of  aerosols  in 
the  atmosphere. 

Examination  of  the  connecting 
weight  distribution  of  the  ANN  and  con¬ 
ducting  a  sensitivity  analysis  yields  the 
relative  significance  of  the  input  vari¬ 
ables,  as  shown  in  Table  1.  Not  surpris¬ 
ingly,  especially  in  light  of  the  similarity 
of  the  atmosphere  conditions,  the  most 
significant  variables  are  spacial  ones  in 
the  ground  plane.  At  the  other  extreme, 
the  Pasquill  stability  category,  which  for 
one  test  was  A-B  and  for  the  other  was 
B-C,  had  predictably  little  influence. 
Similarly,  the  vertical  distance  above 
ground  had  little  influence,  again  proba¬ 
bly  due  to  the  &ct  that  a  height  of  only 
14m  was  covered  by  the  LCM.  The  other 
variables,  the  type  switches  which  indi¬ 
cated  which  grenade  was  used,  the  time 
after  launch  and  the  degree  of  cloud  me¬ 
ander  (deviation  of  cloud  axis  fi’om  wind 
direction  at  cloud  centroid)  all  had,  as 
could  be  anticipated,  some  influence. 
Also,  as  might  be  expected,  the  wind 
velocity  was  an  important  influence. 

Fig.  5  depicts  the  extinction  co¬ 
efficient  or  concentration  profile  along  a 
line  of  sight  1.5  m  above  ground  at  110 
m  from  the  source  and  normal  to  the 
cloud  longitudinal  axis/wind  direction.  It 
can  be  seen  that,  in  this  instance,  the  ac¬ 
tual  cloud  had  a  bimodal  distribution. 
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while  the  Gaussian  model,  a  composite 
of  12  separate  Gaussian  distributions, 
depicts  a  smooth  monomodal  distribu¬ 
tion.  (Since  the  source  strength  was  un¬ 
known,  the  Gaussian  was  normalized  to 
the  highest  measured  extinction  coeflB- 
cient).  The  ANN  model,  however,  did 
reproduce  the  bimodal  distribu¬ 
tion. 


am 


Fig.  5.  Distribution  of  predicted  and 
measured  extinction  coefiBdents  along  a 
line  of  sight  110  m  from  the  source  and 
normal  to  the  cloud,  1.5  m  above  ground 
for  a  composite  RP/metal  flake  cloud 
from  a  12  grenade  volley. 

Conclusion 

From  the  work  reported,  a  num¬ 
ber  of  conclusions  can  be  drawn.  The 
data  available  from  the  DREV  trials  are 
incomplete.  The  grenade  compositions 
and  values  of  a  number  of  meteorological 
parameters  were  not  available  from  the 
trial  reports.  This  limited  both  the  ability 
to  compare  different  grenades  and  to 
provide  a  full  input  space  to  train  neural 
networks. 

On  the  limited  data  set  examined, 
the  ANN  model  provided  better  predic¬ 
tions  than  the  Gaussian  plume  model 
(which,  in  turn,  was  better  than  the 


Gaussian  puff  model).  Finally,  the  LCM 
has  been  found  to  provide  time-sensitive 
spacial  aerosol  concentration  distribu¬ 
tions  within  clouds. 

Future  work  being  planned  in¬ 
cludes  trials  involving  single  grenades 
(both  L8  type  RP  and  inert  simulations  of 
M76  type  metal  flake)  to  ensure  that  the 
LCM  laser  signal  is  not  extinguished  by 
the  cloud,  i.e.,  that  signals  are  received 
from  throughout  the  cloud,  and  to  permit 
comparison  with  COMBIC  (Combined 
Obscuration  Model  for  Battlefield  In¬ 
duced  Contaminants),^’  a  Gaussian-based 
code  developed  by  the  U.S.  Army  Re¬ 
search  Laboratory. 
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Abstract 

Today's  smart  weapons  rely  to  a  large  extent  on  infrared  and  visible  sensors  seeing  their  targets. 
Atmospheric  aerosols,  including  smoke,  dust,  and  pollutants,  contribute  to  the  degradation  of  the 
performance  of  these  weapons.  Atmospheric  scattering,  due  to  aerosols,  limits  the  lock-on  range 
of  most  smart  weapons  today.  CIRA  is  working  on  determining  horizontal  visibility  and  aerosol 
parameters  remotely  from  the  Next  Generation  Geostationary  Observational  Environmental 
Satellite  (GOES-8)  using  a  doubling  and  adding  radiative  transfer  model  developed  at  Colorado 
State  University.  The  model  has  been  previously  used  to  investigate  optical  depth  and  transport 
of  the  Kuwaiti  Smoke  Plumes  after  the  Persian  Gulf  War.  Model  output  is  validated  using  the 
National  Park  Services  Interagency  Monitoring  of  Protected  Visual  Environment  (IMPROVE) 
data  set. 

1.  Introduction 

Aerosols  degrade  the  performance  of  visible  and  infrared  sensors,  so  it  is  important  to 
know  the  extent  of  aerosols  at  and  around  a  target.  These  aerosols  scatter  radiation  emitted  from 
or  reflected  by  the  target  (signal)  away  from  the  sensor,  and  scatter  ambient  radiation  (noise)  into 
the  sensor’s  field  of  view  (FOV).  Satellites  can  provide  an  estimation  of  the  extinction 
characteristics  of  aerosols.  Aerosols  scatter  solar  radiation  reflected  by  the  groxrnd  (satellite 
noise)  out  of  the  satellite  FOV  and  ambient  solar  radiation  into  the  sensor  FOV  (signal).  In 
retrieving  optical  depths,  the  noise  of  aerosols  in  satellite  imagery  becomes  signal.  For  most 
aerosols,  this  has  a  brightening  effect  over  dark  surfaces  (ocean  or  dense  vegetation)  and  a 
darkening  effect  over  bright  surfaces.  This  change  in  the  amoimt  of  solar  radiation  received  at 
the  satellite  is  dependent  upon  the  amount  of  aerosol  in  the  atmosphere,  the  absorptive  and 
directional  scattering  characteristics  of  the  aerosol,  as  well  as  the  scattering  angle  from  the  sun  to 
the  aerosol  back  to  the  satellite  (sun-earth-satellite  geometry). 

Previous  work  has  concentrated  on  retrieving  aerosol  optical  depth  using  polar  orbiting 
satellites,  such  as  Landsat  or  NOAA  instruments,  which  have  poor  temporal  coverage.  The 
GOES-8  satellite  provides  better  imagery  than  its  predecessor  GOES-7  at  higher  temporal 
resolution  than  the  polar  orbiting  sensors.  Work  was  concentrated  on  sensing  aerosols  over 
IMPROVE  sites  in  the  Eastern  U.S.  An  existing  Adding/Doubling  Radiative  transfer  model 
(Greenwald  and  Stephens,  1988)  was  used  to  retrieve  optical  depths  from  GOES-8  visible 
imagery  with  assumed  aerosol  optical  properties.  Although,  recent  work  has  allowed  estimation 
of  these  aerosol  optical  properties  from  in  situ  chemical  composition  data  measured  by  the 
IMPROVE  network.  Comparisons  of  the  model  output  were  made  to  measurements  from 
nephelometers  and  transmissometers  also  of  the  IMPROVE  network.  Retrievals  were  for  4  case 
periods  (9  days  each)  during  the  summer  of  1995  over  the  Eastern  U.S.  An  error  budget  was 
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calculated  and  retrievals  had  an  estimated  error  of  Ax  =  ±(0.05  -  0.16)  for  x  ranging  from  0.1  to 

1.0. 

Section  2  presents  the  retrieval  method  followed  by  a  description  of  the  datasets  and  the 
Adding/Doubling  model  in  sections  3  and  4.  Comparisons  to  surface  data  are  shown  in  section 
5,  and  conclusions  are  made  in  section  6 

2.  Optical  Depth  Retrieval  Method 

Optical  depths  were  retrieved  from  GOES-8  imagery  using  an  Adding/Doubling  radiative 
transfer  (A/D)  model.  Figure  1  shows  a  schematic  of  the  retrieval  process.  The  A/D  model  uses 
reflectances  measured  by  the  GOES-8  visible  channel  and  assumed  aerosol  optical  properties  as 
input.  Data  from  the  GOES-8  system  includes  a  background  reflectance  for  a  particular  pixel, 
the  reflectance  of  a  haze  over  the  same  pixel  and  sun-earth-satellite  geometry.  The  background 
reflectance  was  chosen  as  the  lowest  (darkest)  pixel  value  during  a  ten  day  period  for  that 
specific  time,  excluding  cloud  shadows.  The  aerosol  optical  properties  used  in  the  A/D  model 
are  asymmetry  parameter  (g)  and  the  single  scatter  albedo  (coj.  The  A/D  model  calculates 
optical  depth  as  the  amount  of  aerosol  with  the  assumed  optical  properties  needed  to  increase  the 
satellite  detected  reflectance  from  the  background  reflectance  to  that  observed  by  the  satellite 
with  haze  present.  This  method  of  retrieval  requires  excellent  pixel  co-registration  and  accurate 
sensor  calibration.  Co-registration  is  the  controlling  of  the  sensor  such  that  the  same  pixel 
represents  the  same  earth  point  in  successive  images  and  noise  is  estimated  at  ±7  pixels  between 
successive  days  (Menzel  and  Purdom,  1994).  However,  imagery  used  in  this  study  was  manually 
navigated  using  visible  surface  features  (e.g.  lakes  and  rivers)  to  an  estimated  ±1  pixel. 
Calibration  of  the  GOES-8  data  is  the  conversion  of  transmitted  GOES-8  counts  to  a  reflectance 
value.  This  was  accomplished  using  calibration  coefficients  from  the  home  page  of  Dennis 
Chesters  at  NASA/GSFC.  These  were  pre-flight  calibration  values  which  do  not  account  for 
possible  in-flight  sensor  degradation. 

Optical  depths  were  retrieved  over  the  Eastern  U.S.  for  four  9-day  periods  during  the 
summer  of  1995  over  IMPROVE  sites.  These  periods,  which  occurred  in  late  May,  mid  July, 
mid  August  and  late  August,  were  determined  from  IMPROVE  data  and  daily  weather  maps. 
IMPROVE  data  showed  high  extinction  and  scattering  coefficients  and  surface  analyses  showed 
high  pressure  areas  over  the  east  during  these  times. 

3.  Data 

The  GOES-8  satellite  has  many  advantages  over  its  predecessor,  GOES-7,  for  aerosol 
optical  depth  retrieval.  GOES-7  had  a  non-linear  6-bit  digitization,  whereas  GOES-8  has  a  linear 
10-bit  digitization,  which  allowed  for  more  resolved  changes  in  satellite  detected  radiance.  The 
signal-to-noise  ratio  was  improved  by  a  factor  of  4,  providing  higher  confidence  of  the  pixel 
count.  This  high  quality  sensor  at  geostationary  orbit  provides  visible  imagery  at  15  minute 
intervals  over  the  continental  U.S. 

A  large.  Eastern  U.S.  sector  of  GOES-8  imagery  was  archived  during  the  summer  of 
1995  for  morning  hoxars,  12:15  through  15:31z  for  the  purpose  of  retrieving  x.  The  sector  area 
was  determined  by  positions  of  IMPROVE  sites.  It  was  later  expanded  west  in  July  to  incorpo¬ 
rate  another  IMPROVE  site  (the  nephelometer  at  Mammoth  Caves  National  Park)  and  extended 
xmtil  20:45z,  to  include  more  daylight  hours  for  comparison. 
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The  IMPROVE  network  consists  of  more  than  60  aerosol  monitoring  sites  at  National 
Parks  (N.P.)  around  the  United  States.  Instruments  used  to  monitor  the  air  quality  include: 
transmissometers,  nephelometers,  aerosol  collection  instruments  and  atmospheric  state  variable 
instruments. 

There  are  three  nephelometer  sites  which  measure  the  surface  scattering  coefficient 
in  the  area  encompassed  by  the  GOES-8  collection  region  at:  Dolly  Sods,  West  Virginia  near  the 
Monongehela  National  Forest  (DOSO),  Great  Smoky  Mountains  N.P.,  Tennessee  (GRSM),  and 
Mammoth  Cave  N.P.,  Kentucky  (MACA).  The  nephelometer  measures  atmospheric  scattering  at 
the  wavelength  0.55  pm.  Also,  Shenandoah  N.P.  in  Virginia  (SHEN)  has  a  transmissometer  that 
measures  the  extinction  coefficient  (beJ  at  0.55pm.  Measurements  by  these  instruments  will  be 
referred  to  as  optical  coefficients,  because  they  refer  to  two  separate  types  of  measurements. 
They  are  used  nearly  synonymously  here  because  the  absorption  coefficient  is  usually  negligible. 

Also,  temporal,  spatial  and  spectral  differences  in  these  datasets  increase  error  in 
comparing  their  measurements  of  aerosols  to  retrieved  optical  depths.  GOES-8  imagery  is 
available  over  the  Eastern  U.S.  at  15  minute  intervals,  whereas  the  IMPROVE  data  reports 
conditions  on  the  hour.  Retrievals  of  optical  depth  from  GOES-8  were  averaged  to  the  nearest 
hour  when  compared  to  surface  data.  Also,  the  IMPROVE  instruments  have  a  sample  volume 
which  is  about  10  orders  of  magnitude  smaller  than  the  GOES-8  visible  channel  sample  volume, 
which  is  a  vertical  cone  through  the  atmosphere  with  a  1  km^  footprint.  And  spectrally,  the 
GOES-8  visible  channel  has  a  range  of  0.55-0.75pm,  while  the  IMPROVE  instruments  have  a 
narrow  detection  band  centered  at  0.55  pm. 

4.  Adding/Doubling  Model 

The  adding/doubling,  multiple  scattering  model  used  in  this  study  was  developed  by 
Greenwald  and  Stephens  (1988).  It  was  designed  to  perform  sky  color,  intensity  and  object 
contrast  simulations  (Tsay  et.  al.,  1991).  After  some  modifications  by  Graeme  Stephens  and  Jan 
Behunek,  it  currently  calculates  optical  depth  from  satellite  detected  reflectances,  sun-earth- 
satellite  geometry,  and  aerosol  optical  properties.  The  following  is  an  overview  of  the  model  and 
its  application  to  aerosol  optical  depth  retrieval.  For  a  more  rigorous  description  of  model 
derivation,  see  Greenwald  and  Stephens  (1988).  This  method  has  previously  been  used  to 
retrieve  optical  depths  from  smoke  plumes  during  the  1991  Kuwaiti  oil  fires  (Behunek  et  al., 
1993). 


Theory 

The  equation  of  radiative  transfer  for  a  plane-parallel,  scattering  atmosphere  is 
dLfTlLl.A)  (0  r27t  A 

dT  J_jP(T;p,<l.,p',f)L(T;p',(t)')dp'd(l>'+J(T;p,(t)) 

where  J,  the  “pseudo-source”  term,  is 


J(t; p, (]))  =  -^  FoP(t;  p,  (t),-p„ ,  (})„ )e  ^  FoP3P(t;  p, <|),  Po ,  K 


(1) 


(2) 


L  is  radiance,  p=cos9,  0  and  (j)  are  geometric  angles,  t  is  optical  depth,  P  is  the  phase  function,  F,, 
is  the  solar  irradiance  at  the  top  of  the  atmosphere  (TOA^  Ps  is  the  surface  specular  reflectance 
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and  T*  is  the  optical  depth  of  the  atmosphere.  The  first  term  in  equation  1  and  the  second  term  in 
equation  2  represent  the  extinction  of  the  solar  radiance  reflected  by  the  surface  or  aerosol.  The 
second  term  in  equation  1  and  the  first  term  in  equation  2  represent  the  radiance  scattered  by  the 
aerosol  into  the  satellite  FOV.  The  scattering  of  reflected  radiance  from  a  nearby  pixel  into  the 
satellite  FOV  (a  blurring  effect)  is  not  accoxmted  for  by  this  model.  J  is  a  pseudo-source  term 
because  there  is  no  source  for  visible  radiation  in  the  atmosphere,  but  the  aerosol  scattering  of 
the  direct  solar  beam  can  act  as  a  source.  The  phase  function  used  is  the  Henyey-Greenstein 
phase  function. 

By  expanding  the  phase  function  using  Legendre  polynomials,  the  intensity  using  Fourier 
series  and  using  a  Gaussian  quadrature  approximation,  equation  1  is  transformed  into  a  series  of 
matrix  equations  that  can  be  solved  using  the  adding/doubling  technique.  The  end  product  is  a 
32-stream  radiative  transfer  model  which  calculates  the  theoretical  satellite  observed  reflectance 
(Psat),  at  16  satellite  zenith  angles  (0)  due  to  an  aerosol  layer  with  the  optical  parameters  g  and  cOq 
at  the  sun-earth-satellite  geometry  (pp,  <|)„,  (j))  and  determined  from  GOES-8  imagery. 

Optical  depth  was  then  retrieved  iteratively.  By  using  the  known  latitude,  longitude  and 
time  of  the  image,  the  scattering  angles  (p,  ([),  p^,  (j),,)  were  calculated.  A  background  reflectance 
was  foimd  through  an  algorithm  that  used  the  darkest  pixel  over  a  time  series  of  images.  Then 
assuming  some  g  and  cOo  and  starting  tvith  an  initial  guess  for  t,  a  theoretical  satellite-detected 
reflectance  was  calculated.  This  was  then  compared  to  the  observed  satellite  reflectance,  and  a 
new  estimate  of  t  was  calculated  from  the  difference  in  reflectances,  iteratively  solving  for 

Because  the  model  used  a  background  reflectance  as  a  comparison  to  reflectance  of  haze, 
it  only  calculated  the  difference  in  x  between  the  backgrotmd  reflectance  and  haze  satellite 
images  due  to  an  increase  in  x  from  a  layer  of  aerosols  with  the  assumed  optical  properties.  The 
reflectance  used  is  not  the  actual  surface  reflectance,  rather  the  darkest  pixel  at  a  location 
measured  during  the  case,  a  background  reflectance.  This  contained  some  background  aerosol 
signal.  Because  the  optical  depth  is  a  difference,  the  nearly  constant  Rayleigh  component  and 
background  aerosol  optical  depth  are  subtracted  out.  So,  p^  is  a  background  reflectance,  not  a 
surface  reflectance. 

Critical  Albedo 

Investigation  of  model  ouqsut  has  shown  a  scenario  that  renders  optical  depth  undetect¬ 
able.  The  same  aerosol  that  brightens  an  originally  dark  image  (e.g.  a  dense  forest)  would  also 
darken  an  originally  bright  image  (e.g.  snow  cover).  Between  these  effects  is  a  surface 
reflectance  for  which  changes  m  aerosol  amount  have  no  effect  on  the  reflected  radiance.  This 
condition  is  called  the  critical  albedo  region.  It  is  defined  as  a  range  of  surface  reflectances 
where  an  increase  in  aerosol  optical  depth  has  no  detectable  effect  in  the  amount  of  reflected 
solar  radiation.  This  critical  albedo  is  a  function  of  the  optical  parameters  of  the  aerosol  and  the 
solar  geometry.  Figure  2  shows  an  example  of  this  effect.  The  dashed  lines  represent  the  change 
in  satellite-detected  reflectance  due  to  an  optical  depth  as  a  fimction  of  surface  reflectance 
calculated  from  the  A/D  model.  The  scatter  of  dots  are  actual  points  from  a  GOES-8  visible 
image  of  the  Shenandoah  area.  These  lines  cross  at  p^  =  0.3,  showing  that  for  the  assumed 
aerosol  optical  properties  the  background  reflectances  do  not  approach  the  critical  albedo  region, 
which  is  0.3  for  this  case. 
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Model  Sensitivity  and  Error 

Errors  such  as  co-registration  and  calibration  have  already  been  discussed.  Errors  in  the 
retrieval  due  to  uncertainty  in  the  A/D  model  parameters  also  exist.  Table  1  shows  the  percent 
change  in  Ta/d  due  to  a  5%  change  in  an  input  parameter.  It  is  clear  that  errors  in  the  surface 
reflectance  or  single  scatter  albedo  can  cause  large  errors  in  the  retrieval  of  optical  depth. 
Uncertainty  in  the  surface  reflectance  was  minimized  in  the  data  processing.  Aerosol  optical 
parameters  used  here  (cOq  =  0.956  and  g  =  0.75)  were  chosen  from  previous  work  in  the  Eastern 
U.S.  and  have  an  estimated  error  of  ±3  and  1%  for  g  and  ©„  respectively.  Therefore,  Ta/d 
retrievals  have  an  estimated  error  of  At  =  ±(0.05-0.16)  for  values  of  0.05  to  1.0. 

5.  Comparison  to  Surface  Data 

Directly  comparing  surface  terms  (b.^,  or  b^,  J  to  a  vertically  integrated  quantity  (x)  can  be 
ambiguous.  These  coefficients  vary  with  height  and  are  related  to  x  by: 

|•TOA  fTOAr  ,  ^TOA 

ifc  Pscat(z)  +  babs(z)}iz*  |f^b3,,j(z)dz  (3) 

where  b^^sCz)  is  the  absorption  coefficient  of  the  aerosol  as  a  function  of  height  in  the  atmosphere. 
The  last  relation  in  equation  3  is  justified  when  absorption  is  small.  Because  the  backgroimd 
reflectance  is  used,  the  change  in  optical  depth  between  the  pristine  day  and  the  hazy  day  is 
detected.  This  change  in  optical  depth  is  assumed  to  be  confined  to  a  well  mixed  boundary  layer. 
Then  the  optical  coefficients  are  no  longer  a  function  of  height,  thus: 

x  =  h^,Az^h^,Az  (4) 

where  the  optical  coefficients  are  vertical  averages  in  a  boundary  layer  with  height  Az. 

bvs.  Tfjo 

Figure  3  shows  scatter  plots  of  satellite  retrieved  optical  depth  vs.  optical  coefficients 
from  IMPROVE  data  (bj^t  and  bj^j^  for  each  case  and  site.  The  correlation  coefficients  of  the 
graphs  are  provided  in  Table  2.  Overall,  10  of  13  show  positive  correlation,  with  better 
comparisons  at  GRSM.  When  first  approaching  these  comparisons,  it  was  expected  that  under 
low  haze  conditions  (small  b),  there  would  be  more  noise  because  of  less  aerosol  signal. 
Conversely,  we  expected  more  accuracy  under  hazy  conditions.  This  can  be  seen  in  the  plots  for 
MACA  cases  2  and  4  for  b  <  0.3  km'*,  although  not  all  plots  show  this  trend.  Plots  for  case  1 
have  a  small  range  of  b  values,  which  provide  little  insight  into  the  retrieval  accuracy.  Cases  3 
and  4  (late  sximmer)  seemed  to  have  better  correlations  and  more  data  points  than  earlier  cases. 
Also,  only  three  cases  had  any  values  of  b  >  0.6  km'*  (visibility  less  than  6  km).  Other 
comparisons  (e.g.  DOSO  case  2  and  MACA  case  3)  show  broad  distribution  of  points  without  a 
definite  relationship.  This  coxild  be  due  to  many  reasons  such  as  variations  in  aerosol  vertical 
structure,  aerosol  optical  properties  or  cloud  contamination. 

These  plots  are  dependent  upon  the  vertical  distribution  of  the  aerosol.  An  attempt  to 
accoimt  for  the  variation  in  Az  was  made  using  National  Weather  Service  rawinsonde  data,  but 
variations  in  terrain  and  the  large  spacing  between  stations  did  not  increase  the  correlation  of  the 
comparisons.  A  Lidar  needs  to  be  co-located  with  the  surface  aerosol  observations,  because 
current  understanding  of  the  vertical  distribution  of  aerosols  is  limited.  The  broad  distribution  of 
points  could  also  occur  from  a  layer  of  aerosols  advected  above  the  boxmdary  layer.  Clouds  were 
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visually  filtered  prior  to  optical  depth  retrievals.  Errant  t  retrieval  over  clouds  (especially  thin 
cirrus)  would  return  erroneously  high  x  values.  Changes  in  surface  reflectance  properties  due  to 
rain  might  also  affect  the  retrievals.  For  instance,  the  ranges  of  optical  coefficients  in  case  1 
were  limited  due  to  rain  occurrences  twice  during  the  time  period.  Other  cases  had  no  rain  or 
rain  near  the  end  or  beginning  of  the  case.  In  srunmary,  encouraging  comparisons  were  found 
over  GRSM  and  during  the  late  summer  cases. 


IMPROVE  Visibility  V5.  Satellite  Visibility 

Converting  these  values  to  a  visibility  requires  use  of  the  Koschmeider  equation: 


Vis  = 


3.912 

Kt 


(5) 


The  retrieved  optical  depth  can  be  converted  to  b^^jj  using  an  estimate  of  Az  in  equation  4.  This 
has  been  done  for  GRSM  case  2  (not  shown  in  figure  3).  Figure  4a  shows  the  comparison  of 
Ta®  vs.  bsea,.  Figure  4b  shows  the  same  comparison  in  visibility  coordinates  (x^  was  converted 
using  Az  =  1.5km).  It  can  be  seen  that  there  is  less  noise  for  lower  visibilities  (Vis  <  25  km),  but 
the  lowest  visibility  measured  by  the  IMPROVE  site  is  greater  than  10  km.  The  region  of 
visibilities  less  than  10  km  would  provide  adequate  aerosol  signal,  but  no  comparisons  have 
more  than  one  value  that  low. 


6.  Conclusions  and  Future  Work 

Aerosol  optical  depths  were  retrieved  over  IMPROVE  sites  in  the  Eastern  U.S.  with 
encouraging  results.  Correlations  of  most  comparisons  were  positive  and  statistically  significant. 
Although  uncertainties  exist  that  cause  scatter  in  the  comparisons.  Aerosol  vertical  structure 
variations,  relative  humidity  changes  (which  causes  changes  in  g  and  cOq),  cloud  contamination 
and  changes  in  surface  reflectance  features  (e.g.  due  to  rain  events)  are  speculated  causes  in  some 
of  the  less  correlated  comparisons.  Knapp  (1996)  showed  that  by  adjusting  g  and  using  an  a 
priori  surface  relative  humidity  increased  correlation  in  the  comparisons.  Future  retrievals 
should  include  estimation  of  boundary  layer  moisture  content.  More  comparisons  need  to  be 
made  in  heavy  haze  conditions,  to  further  define  what  the  lower  limit  of  aerosol  detectability  is. 
Also,  future  work  needs  to  have  continuous  optical  depth  retrievals,  rather  than  case  studies  as 
presented  here.  This  would  allow  insight  into  the  temporal  variability  of  the  surface  reflectance 
and  the  affect  rain  has  on  the  retrievals.  IMPROVE  sites  in  this  work  were  located  in  densely 
forested  areas.  Further  work  should  also  include  areas  with  different  backgroimd  reflectances 
(deserts,  plains,  etc.). 

Using  this  remote  sensing  method,  aerosol  climatologies  could  be  developed  globally  that 
would  allow  DOD  mission  planners  to  get  a  first  guess  on  the  operational  limits  of  their  standoff 
weapons’  performance. 
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Table  1  -  The  percentage  change  in  x  due  to  a  5%  change  in  the  input  parameter. 


INPUT  PARAMETER 

%  CHANGE  IN  T 

Calibration 

10 

Asymmetry 

20 

Surface  Reflectance 

34 

Single  Scatter  Albedo 

35 

Table  2  -  Table  of  correlation  coefficients  (and  number  of  samples)  for  all  cases  and 


IMPROVE  sites  com] 

paring  b  vs.  x 

A/D* 

CASEl 

CASE  2 

CASE  3 

CASE  4 

May  20-28 

July  10-19 

Aug.  28  -  Sep.  6 

DOSO 

0.224  (10) 

giltUiKiiW 

HKHH 

0.701  (21) 

GRSM 

0.870  (16) 

0.763  (30) 

0.719  (21) 

0.438  (41) 

MACA 

- 

SHEN 

0.993  (9) 

0.669  (9) 

- 
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Figure  1  -  Retrieval  method  flowchart.  Solid  arrows  depict  steps  used  in  current  results. 
Dashed  arrows  represent  steps  now  possible  through  recent  work. 


Figure  2  -  An  example  of  the  critical  albedo  near  p,  =  0.3.  Dashed  lines  are  changes  in 
reflectance  as  calculated  by  the  A/D  model  due  to  differing  optical  depths.  Points  are 
actual  pixels  from  a  GOES-8  image  over  Shenandoah  N.P. 
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Figure  3  -  Scatter  plots  of  retrieved  optical  depths  (1^®)  vs.  coefficients  measured  by  the 
IMPROVE  network.  Lines  represent  linear  regression  best  fit. 
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Figure  4  -  a)  Scatter  plot  of  GRSM  case  2  (not  shown  in  fig.  3).  Line  represents  linear 
regression  best  fit.  b)  Scatter  plot  of  GRSM  case  2  converted  to  visibility  using  Az  =  1.5 

km.  Dashed  line  is  the  one-to-one  line. 
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1.  Introduction 

Clouds  are  a  primary  obstacle  for  military  systems  requiring  visual  or  infrared  target 
acquisition.  In  the  past  fifteen  years,  satellite  data  has  greatly  advanced  our  understanding  of 
clouds.  In  this  study  we  expand  on  an  idea  put  forward  by  Reinke  et  al.  (1992).  They  suggested 
that  high  resolution  satellite  cloud  climatologies  could  be  used  to  create  a  forecasting  tool  through 
a  combination  of  cloud  frequency  of  occurrence  and  cloud  persistence  composites. 

In  this  paper  we  describe  forecasting  tools  developed  using  the  new  Climatological  and 
Historical  ANalysis  of  Clouds  for  Environmental  Simulations  (CHANCES)  database  (Yonder 
Haar  et  al.  1995).  The  results  show  the  utility  of  similar  satellite  derived  climatologies  for 
various  modeling  and  operational  forecasting  applications.  The  analysis  is  limited  to  the  summer 
season  for  a  domain  centered  over  the  former  Yugoslavia  and  Adriatic  Sea.  Specific  target 
forecast  applications  are  demonstrated  for  satellite  data  centered  over  the  city  of  Sarajevo. 

2.  Background 

Komfield  et  al.  (1967)  created  the  first  cloud  composites  for  research  by  sequentially 
superimposing  satellite  images  on  photographic  paper.  The  early  composites  were  useful  for  the 
study  of  large-scale  cloud  systems  and  the  general  circulation.  Eighteen  years  later  Klitch  et  al. 
(1985)  ushered  the  compositing  technique  into  the  computer  age  by  constructing  cloud 
composites  entirely  in  the  digital  domain.  They  used  satellite  composites  to  study  the  relation  of 
convection  to  terrain  in  Colorado.  More  recently,  Gibson  and  Yonder  Haar  (1990)  completed  a 
similar  study  of  convection  in  the  southeastern  United  States. 

On  a  global  scale,  there  are  two  primaiy  ongoing  satellite  cloud  climatology  projects. 

The  International  Satellite  Cloud  Climatology  Project  (ISCCP)  has  created  a  global  database  of 
many  cloud  properties  using  visible  and  infrared  satellite  data  with  3hr  temporal,  and  250  x  250 
km  spatial  resolution.  Statistics  for  some  regional  data  are  also  available  at  resolutions  as  low  as 
30km  (Rossow  1993).  The  U.S.  Air  Force  produces  a  cloud  composite  for  operational  purposes 
called  the  real-time  nephanalysis  (RTNEPH)  (Kiess  and  Cox  1988).  The  RTNEPH  is  a 
combination  of  satellite  and  surface  data  and  has  47  km  horizontal  resolution.  Cloud 
climatologies  have  been  created  using  RTNEPH  (Hughes  and  Henderson-Sellers  1985), 
however,  clouds  vary  significantly  on  much  finer  scales. 

A  very  fine  space/time  domain  is  crucial  to  understanding  clouds  in  relation  to  mesoscale 
forcings  (Reinke  et  al.  1992),  and  hence  is  critical  to  the  creation  of  cloud  climatology 
composites  that  can  be  used  as  forecast  tools.  This  is  specifically  true  for  Terminal  Aerodrome 
Forecasts  (TAFS)  and  remote  location  target  forecasts  for  offensive  operations,  reconnaissance 
and  as  inputs  to  electro-optical  tactical/meteorological  decision  aids.  Yonder  Haar  et  al.  (1993) 
show  that  the  RTNEPH  cloud  database  as  well  as  Probability-of-Cloud-Free-Line-of-Sight 
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(PCFLOS)  models  can  be  significantly  improved  through  the  development  and  use  of  a  high 
resolution  satellite  cloud  database. 

Today’s  PCFLOS  models  are  based  on  surface  observations  derived  on  a  spatial  resolution  of 
approximately  200  km.  The  results  presented  by  Vender  Haar  et  al.  (1993)  show  that 
approximately  90  percent  of  all  cloud-free  intervals  are  less  than  10km.  So,  climatological 
forecasts  and  models  based  on  surface  data  will  not  provide  a  representative  measure  of  the 
impact  of  clouds  in  many  geographic  locations  (Reinke  et  al.  1995). 

The  CHANCES  database  used  in  this  study  was  sponsored  by  a  Small  Business  Innovative 
Research  (SBIR)  Phase  II,  U.S.  Air  Force  grant.  The  purpose  was  to  produce  a  1-yr,  1-hr,  5-km 
resolution  global  cloud/no  cloud  (CNC)  database  product  and  to  demonstrate  the  feasibility  of 
producing  a  longer  term  (5-yr)  climatological  cloud  database.  CHANCES  is  ideal  for  the 
construction  of  fine  scale  satellite  cloud  composites. 

3.  Data 

The  CHANCES  database  is  a  1-yr  (Feb.  1, 1994  -  Jan.  31,  1995)  global  satellite  imagery 
database  with  1-hr  temporal  and  5-km  spatial  resolution  (Vonder  Haar  et  al.  1995).  Each  chances 
image  is  a  “seamless”  global  image  created  from  a  combination  of  geostationary  and  polar 
orbiting  satellites.  For  this  study  we  focused  on  a  sector  centered  over  the  former  Yugoslavia. 
The  sector  spans  from  approximately  23°E  to  33°E  and  42°N  to  47°N.  This  falls  entirely  in  the 
domain  of  the  METEOSAT  geostationaiy  satellite. 

To  produce  CHANCES,  STC-METSAT  in  Fort  Collins,  Colorado  did  an  enormous  amount  of 
pre-processing.  This  pre-processing  included  navigation  and  alignment,  correction  for  various 
characteristic  satellite  errors,  the  creation  of  radiance  background  information,  and  the 
construction  of  binary  CNC  images.  Kidder  and  Vonder  Haar  (1995)  discuss  other  possible 
sources  of  error  that  can  impact  the  analysis  of  meteorological  satellite  imagery  including: 
attenuation,  background  contrast,  contamination,  displacement,  foreshortening,  sensor  lag,  signal 
interference ,  sun-satellite  geometry,  and  viewing  angle. 

4.  Method 

Construction  of  composites  begins  with  the  geographic  alignment  of  each  image  with  a  base 
image.  This  was  done  as  part  of  CHANCES  pre-processing  as  described  in  the  previous  section. 
In  this  study,  we  used  only  quality-controlled  images  without  noise  or  data  drops. 

The  aligned  images  were  used  to  construct  seasonal  cloud  frequency  of  occurrence 
composites  for  each  hour  of  the  day  for  the  Yugoslavia/Adriatic  sector.  Figures  la  -  Id  are  cloud 
frequency  of  occurrence  composites  for  12,  15, 18  and  21  UTC,  respectively.  For  this  study,  the 
summer  season  data  spans  the  forty-five  day  period  from  June  22,  1994  to  August  5,  1994. 

In  figures  la  -  Id,  the  frequency  at  each  pixel  was  computed  by  simply  dividing  the  number  of 
cloudy  days  at  each  horn  at  that  pixel  by  the  number  of  days  with  cloud  data  available  at  that 
same  pixel.  The  resultant  cloud  frequency  of  occurrence  at  each  pixel  was  then  assigned  a 
specific  brightness  and  displayed  as  a  composite  image.  Variation  of  brightness  from  pixel  to 
pixel  in  an  image  represents  the  variation  in  cloud  frequency  from  location  to  location.  The 
actual  percentage  frequency  value  can  be  estimated  by  comparing  the  brightness  of  the  target 
pixel  with  the  scale  at  the  bottom  of  each  image.  The  scale  spans  from  0  percent  on  the  left 
(black)  to  100  percent  on  the  right  (white). 

Conditional  probability  images  were  prepared  by  comparing  each  image  from  an  initial  time 
with  an  image  from  a  forecast  time.  If  a  cloud  (or  no  cloud)  exists  at  a  pixel  on  the  initial  image 
and  a  cloud  exists  at  the  same  pixel  location  of  the  target  (forecast)  image  it  is  summed  for  that 
pixel.  An  algorithm  repeated  this  process  for  every  pixel  of  every  image  for  each  of  the  forty- 
five  days  of  summer  1994  to  compile  data  for  one  to  twelve  hours  beyond  each  hour  of  the  day. 
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Six  hours  represents  the  most  important  forecast  interval  for  Air  Force  terminal  aerodrome 
forecasts  (TAFs)  since  active  TAFs  are  updated  every  six  hours.  Target  forecasts  for  offensive 
strikes,  or  reconnaissance  missions  may  need  accurate  cloud  forecasts  with  a  six  to  twelve  hour 
lead  time  or  greater. 

We  compiled  persistence  data  for  two  simple  types  of  conditional  probability  forecasts;  (1) 
Cloudy  at  forecast  time  given  cloudy  at  initial  time  (type  1) ;  (2)  Cloudy  at  forecast  time  given 
clear  at  initial  time  (type  2)  .  Two  other  scenarios  (clear  at  forecast  time  given  clear  at  initial  time 
and  clear  at  forecast  time  given  cloudy  at  initial  time)  can  be  constructed  from  (1)  and  (2), 
respectively,  by  subtracting  the  probability  of  being  cloudy  at  forecast  time  from  100  percent. 

As  with  the  cloud  frequency  data,  the  conditional  probability  (persistence)  data  can  also  be 
displayed  as  an  image.  Figures  2a  and  2b  are  type  2  conditional  probability  images  for  six  and 
nine  hours  after  6  UTC  (8  LST).  Figure  2a  represents  the  probability  of  cloud  at  12  UTC  (14 
LST)  at  each  pixel  when  the  pixel  is  clear  at  6  UTC.  Similarly,  figure  2b  depicts  the  probability 
of  cloud  at  15  UTC  (17  LST).  Following  images  through  chronologically  from  the  initial  time 
(including  the  intermediate  times  not  shown),  one  finds  that  the  quality  of  a  persistence  forecast 
of  clear  for  this  sector  goes  down  with  time  (e.g.,  the  probability  of  cloud  goes  up).  This  is  a 
signal  of  the  convective  diurnal  cycle  of  cloud  cover  over  this  region  in  summer. 

With  cloud  frequency  and  cloud  persistence  data,  you  have  all  the  necessaiy  tools  to  produce 
simple  probability  forecasts  for  cloud  at  each  pixel.  Reinke  et  al.  (1990)  suggest  various 
techniques.  They  note  that  a  cloud  frequency  composite  itself  can  be  used  as  a  forecast  tool.  The 
frequency  of  occurrence  of  cloud  over  each  pixel  at  any  given  time  is  a  reasonable  first  guess  for 
a  cloud/no  cloud  forecast  at  that  location.  Individual  composites  can  be  compared  to  note  the 
change  in  frequency  of  occurrence  of  cloud  at  a  location.  This  would  represent  the  systematic 
variation  of  cloud  cover  over  that  pixel.  To  account  for  random  variation  in  cloud  cover  you 
need  to  consider  information  in  the  persistence  images.  Reinke  et  al.  (1990)  suggest  two  ways  to 
include  the  persistence  data.  First,  you  could  compute  cloud  occurrence  probability  by  adding 
the  cloud  persistence  probability  to  the  frequency.  Second,  you  could  use  both  probabilities  in  a 
forecast  matrix  in  which  the  final  probability  is  based  on  the  cloud  frequency  and/or  conditional 
probability  exceeding  a  pre-determined  threshold.  To  get  even  more  sophisticated,  the  initial 
image  could  be  stratified  by  wind  direction,  air  mass,  or  other  climatologically  significant 
variable  as  has  been  done  by  the  Air  Force  Combat  Climatology  Center  (AFCCC,  formerly 
ETAC)  for  many  years  with  conditional  climatology  ceiling  and  visibility  tables. 

For  this  study,  we  develop  a  forecast  tool  for  Sarajevo  that  combines  cloud  frequency  and 
persistence  data  (Tables  1  and  2).  These  tables  were  created  by  extracting  cloud  frequency  and 
persistence  information  from  many  composite  images  for  the  pixel  centered  directed  over 
Sarajevo.  As  a  forecaster,  this  type  of  data  would  be  a  valuable  asset  for  a  TAP  or  target 
forecast.  From  personal  experience,  we  believe  that  the  greatest  inhibitor  to  an  accurate  target 
forecast  is  not  having  first-hand  knowledge  of  the  weather  in  the  target  area.  For  remote  targets, 
satellite-derived  conditional  probabilities  (Tables  1-4)  could  be  a  viable  surrogate  to  first-hand 
experience  and  substitute  for  the  conditional  ceiling  and  visibility  tables  familiar  to  forecasters  in 
any  Air  Force  base  weather  station.  A  forecaster  could  combine  these  statistics  with  knowledge 
of  the  current  and  forecast  synoptic  and  mesoscale  weather  conditions  to  optimize  the  forecast. 

In  the  results  section  below,  we  discuss  an  empirical  climatological  forecast  index  developed  in 
this  study. 

In  Tables  3  and  4,  we  present  a  more  sophisticated  type  of  conditional  probability  computed 
for  Sarajevo.  For  these  statistics  the  initial  condition  was  stratified  by  the  percentage  of  cloudy  or 
clear  pixels  in  a  15  km  x  15  km  region  surrounding  the  target  location.  The  initial  conditions 
were  divided  into  three  categories:  (1)  Less  than  33  percent  of  pixels  cloudy  (clear)  at  initial 
time  (Table  3);  (2)  33  to  66  percent  of  pixels  cloudy  (clear)  at  initial  time  (not  shown);  (3)  66  to 
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100  percent  of  pixels  cloudy  at  initial  time  (not  shown).  Table  3  depicts  the  conditional 
probability  of  cloud  over  Sarajevo  at  forecast  times  of  1-12  hours  given  the  33  percent  or  less  of 
the  pixels  within  15  km  of  the  target  are  overcast  at  the  initial  time.  This  adds  a  level  of  spatial 
dependence  to  the  conditional  probabilities  that  cannot  be  well  duplicated  with  surface 
observation  data,  especially  as  the  radius  from  the  target  increases.  For  instance  you  could 
expand  out  to  25  km  from  the  target  pixel.  In  the  next  section  we  compare  these  spatially 
conditional  probabilities  to  the  single  pixel  conditional  probabilities  presented  in  Table  1. 

5.  Results/Discussion 

Figure  3  is  a  histogram  of  the  average  cloudy  infrared  pixel  counts  at  each  hour  of  the  day  for 
the  Yugoslavia  sector  shown  in  figures  1  and  2.  This  represents  the  systematic  change  in  cloud 
cover  for  the  summer  season.  The  minimum  occurs  just  after  sunrise  at  7  LST  (5  UTC)  while  the 
maximum  occurs  at  18  LST  (16  UTC).  This  suggests  that  a  majority  of  the  summer  season  cloud 
cover  is  convective  in  nature.  Figure  4  is  a  histogram  of  IR  pixel  counts  at  each  hour  of  the  day 
with  a  brightness  temperature  less  than  -40°C  to  isolate  deep  convection.  The  maximum  occurs 
at  17  LST  (15  UTC).  The  second  column  of  Table  1  contains  the  cloud  percentage  frequency  of 
occurrence  at  each  time  of  day  for  the  pixel  centered  over  Sarajevo.  Just  as  with  the  seasonal 
average  for  the  entire  sector  (Fig.  3),  there  is  a  maximum  in  cloud  cover  at  1 8  LST  (16  UTC). 

The  data  from  Table  1  represents  the  systematic  variation  of  cloud  over  Sarajevo,  and  would 
make  a  good  climatological  forecast  in  the  absence  of  other  data.  However,  the  forecast  could  be 
greatly  improved  by  combining  the  frequency  statistics  with  cloud  persistence  data.  Table  2  is  a 
YES/NO  climatological  cloud  forecast  decision  matrix  constructed  by  combining  the  frequency 
and  persistence  data  (Table  1)  into  a  single  binaiy  index.  “1”  (YES)  is  a  forecast  for  cloud  and 
“0”  (NO)  is  a  forecast  for  clear. 

Although  definitive  YES/NO  cloud  criteria  are  certainly  a  topic  for  further  research,  we  use 
the  following  criteria  for  this  study.  Of  the  two  types  of  data  in  Table  1  (frequency  occurrence 
and  conditional  probability),  the  conditional  probability  is  a  more  reliable  forecast  tool  since  it 
includes  an  initial  condition.  Therefore,  we  weight  the  YES/NO  cloud  decision  more  heavily  to 
the  persistence  probability.  If  the  conditional  probability  at  any  hour  is  greater  than  70  percent, 
then  the  forecast  for  cloud  is  YES.  If  the  persistence  probability  is  less  than  70  percent,  but 
greater  than  50  percent  then  we  compute  the  average  of  the  frequency  of  occurrence  and  the 
persistence  probability  for  the  forecast  time.  If  the  average  is  greater  than  60  percent  then  the 
forecast  is  YES  (“1”),  otherwise  it  is  NO  (“0”).  These  particular  thresholds  were  chosen  so  that 
the  mean  amount  of  cloud  predicted  in  the  YES/NO  matrix  of  Table  2  was  comparable  to  the 
average  frequency  of  occurrence  of  cloud  for  all  hours  from  column  two  of  Table  1.  The  average 
of  the  frequency  of  occurrence  for  all  the  hours  is  41  percent.  Assigning  1  for  YES  and  0  for  No, 
the  average  frequency  of  occurrence  of  cloud  as  predicted  by  the  corresponding  forecast  matrix 
(Table  5)  is  44  percent. 

The  importance  of  this  weighting  scheme  is  illustrated  in  Table  1 .  At  4  UTC  (6  LST)  the 
systematic  frequency  of  occurrence  of  cloud  is  17  percent.  However,  when  cloud  occurs  at  3 
UTC  the  probability  of  cloud  at  4  UTC  is  83  percent.  Similarly,  the  conditional  probability  of 
cloud  at  6  UTC  given  cloud  at  3  UTC  is  67  percent  compared  to  a  systematic  occurrence  of  14 
percent.  This  meteorologically  makes  sense  for  Sarajevo.  In  the  early  morning  any  cloud  is 
probably  not  convective  but  rather  is  part  of  a  synoptic  scale  disturbance  and  hence  would  be 
more  likely  to  persist  due  to  larger  scale  dynamics.  Other  data  in  Table  1  further  illustrate  the 
importance  of  heavily  weighting  the  conditional  probability  in  the  forecast  index.  Note  that  given 
cloud  over  Sarajevo  at  6  UTC,  the  12  hour  forecast  for  cloud  at  18  UTC  is  100  percent.  The 
systematic  variation  of  cloud  for  summer  1994  was  for  overcast  68  percent  of  the  time  at  18 
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UTC.  In  fact,  given  an  initial  condition  of  cloud  at  any  hour  after  5  UTC,  the  conditional 
probability  of  being  overcast  at  18  UTC  is  higher  than  68  percent. 

As  mentioned  in  the  previous  section  of  this  paper,  a  more  sophisticated  approach  is  to 
stratify  the  probability  in  terms  of  a  percentage  of  pixels  in  a  region  surrounding  the  target  that 
are  cloudy  (clear)  at  the  initial  time.  Table  4  is  a  forecast  matrix  derived  fi'om  the  persistence 
probabilities  and  cloud  frequencies  in  Table  3.  By  considering  pixels  in  a  15  km  region 
surrounding  the  target  in  the  conditional  probability,  as  opposed  to  a  single  pixel,  the  forecast 
can  change  significantly.  Table  4  is  a  CNC  forecast  matrix  analogous  to  Table  2  with  an  initial 
condition  of  less  than  33  percent  of  pixels  within  15  km  of  the  Sarajevo  pixels  classified  as 
overcast.  Comparing  Table  4  to  Table  2,  one  can  qualitatively  see  that  the  amount  of  YES  (“1”) 
cloud  forecasts  is  greatly  reduced.  The  mean  cloud  forecast  for  all  times  in  Table  4  is  21  percent. 
In  contrast,  the  mean  cloud  amount  from  Table  2  is  44  percent.  The  mean  amount  of  cloud 
predicted  with  an  initial  condition  of  66  percent  of  pixels  within  15  km  cloudy  is  44  percent. 
Evidently,  considering  only  a  single  pixel  at  the  initial  time  is  equivalent  to  assuming  overcast 
conditions  over  a  larger  region.  This  same  bias  would  likely  occur  with  conditional  probabilities 
computed  using  cloud  cover  statistics  from  the  conventional  surface  observations  of  a  single 
station. 

6.  Conclusion 

In  this  paper  we  have  described  forecasting  applications  of  high  resolution  satellite  cloud 
climatologies  and  developed  a  climatological  forecasting  tool  that  is  well  suited  to  the  operational 
environment.  The  feasibility  of  creating  a  global  database  of  IR  data  at  full  resolution  was 
demonstrated  by  the  CHANCES  project  (Yonder  Haar  et  al.  1 995).  To  make  the  tool  complete, 
the  database  should  be  expanded  to  at  least  five  years  and  tables  created  for  every  pixel  for  each 
month  of  the  year  for  the  entire  globe.  The  climatological  forecast  tool  described  in  this  paper 
would  lend  itself  perfectly  to  software  that  would  allow  a  user  to  point  and  click  at  the  desired 
location  on  a  map  and  instantly  display  the  climatological  data  through  hypertext  links,  like  those 
used  on  web  pages. 

In  this  study  we  demonstrated  the  importance  of  including  the  spatial  pattern  of  cloud 
surrounding  the  target  in  creating  conditional  probabilities.  A  second  level  of  sophistication 
would  be  to  include  a  temporal  pattern  of  cloud.  For  instance,  the  initial  condition  could  be 
comprised  of  three  or  six  hours  of  cloud  data  at  the  target  pixel  or  in  an  area  surrounding  the 
target. 

Currently,  researchers  at  the  Cooperative  Institute  for  Research  in  the  Atmosphere  (CIRA)  at 
Colorado  State  University  are  developing  techniques  to  extract  layered  cloud  information  from 
the  CHANCES  database.  A  paper  on  their  results  was  presented  at  the  1996  Battlespace 
Atmospherics  Conference  (Forsythe  et  al.  1996).  The  location  of  the  bases  and  heists  of  clouds 
are  of  great  importance  in  a  target  forecast.  Stratifying  the  data  in  terms  of  meteorological 
variables  such  as  wind  direction  and  air  mass  would  make  the  climatology  even  more  reliable. 

The  level  of  sophistication  is  virtually  limitless. 

The  potential  military  and  civilian  forecasting  applications  of  very  high  resolution  satellite 
cloud  climatologies  are  exciting.  Combat  weather  forecasters  could  use  this  technique  in  the  field 
to  greatly  improve  cloud  forecasts.  With  a  single  observation,  the  weather  warrior  could  quickly 
access  climatological  forecast  aids  such  as  the  forecast  matrix  developed  in  this  study  using  their 
tactical  lap  top  computer.  With  the  global  coverage  of  meteorological  satellites,  high  resolution 
climatological  cloud  forecast  tools  for  airfields  and  remote  targets  an5where  in  the  world  are 
within  our  grasp. 
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FIG.  la.  Cloud  frequency  composite 
from  METEOSAT  satellite  for  June  22, 
1994  to  August  5, 1994  for  12  UTC. 


FIG.  lb.  Cloud  frequency  composite 
from  METEOSAT  satellite  for  June  22, 
1994  to  August  5, 1994  for  15  UTC. 


FIG.  Ic.  Cloud  frequency  composite 
from  METEOSAT  satellite  for  June  22, 
1994  to  August  5, 1994  for  18  UTC. 


FIG.  Id.  Cloud  frequency  composite 
from  METEOSAT  satellite  for  June  22, 
1994  to  August  5, 1994  for  18  UTC. 
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FIG.  2a.  Probability  of  cloudy  or  clear 
persisting  at  12  UTC  from  initial  value  at 
6  UTC  June  22, 1994  -  August  5,  1994. 


Yugoslavia/Adriatic  Diurnal  Variation 
of  Cloud  Cover 


Time  (LST) 


FIG.  3.  Histogram  of  average  daily  percentage  of 
area  covered  by  cloud  June  22,1994  -  August  5, 
1994  at  each  time  of  day. 


FIG.  2b.  Probability  of  cloudy  or  clear 
persisting  at  15  UTC  from  initial  value  a 
6  UTC  June  22, 1994  -  August  5,  1994. 


Yugoslavia/Adriatic  Diurnal  Variation  of 
Deep  Convection 
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TABLE  1.  Conditional  probabilities  of  cloud  at  all  times  given  cloud  at  initial  time  for 
Sarajevo  June  22,  1994  -  August  5, 1994.  Forecast  hours  are  labeled  1  to  12  in  the  first  row. 
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50 

63 
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63 

50 
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50 
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63 

75 

75 
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19 

75 
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50 

43 
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50 

50 

63 

63 

88 

71 

3 

14 

83 
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50 

50 

75 

67 

83 

83 
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83 
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17 
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100 
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71 

71 

100 

86 

88 
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86 

100 

71 

8 

26 

71 

86 

100 

100 

67 

67 

100 

100 

86 

100 

71 

71 

9 

40 

67 

80 

80 

80 

70 

89 

90 

70 

90 

67 

40 

78 

10 

46 

92 

92 

77 

69 

92 

93 

79 

86 

77 

57 

67 

50 

11 

65 

94 

94 

89 

100 

100 

89 

94 

67 

44 

50 

33 

29 

12 

68 

87 

83 

86 

87 

83 

91 

64 

43 

45 

32 

30 

24 

13 

71 

88 

84 

81 

77 

79 

56 

35 

46 

28 

28 

30 

27 

14 

58 

92 

88 

79 

82 

55 

38 

36 

22 

26 

22 

19 

13 

15 

72 

97 

83 

81 

59 

43 

44 

28 

30 

26 

24 

21 

14 

16 

76 

81 

80 

55 

39 

41 

29 

28 

26 

23 

21 

14 

17 

17 

64 

92 

67 

46 

48 

35 

31 

30 

26 

25 

17 

17 

16 

18 

68 

67 

50 

52 

36 

31 

29 

26 

25 

17 

21 

20 

20 

19 

46 

65 

78 

53 

47 

43 

43 

40 

27 

27 

29 

19 

15 

20 

33 

77 

46 

46 

36 

33 

33 

17 

25 

29 

15 

20 

9 

21 

37 

64 

57 

50 

50 

50 

33 

33 

36 

23 

18 

27 

36 

22 

22 

78 

63 

75 

75 

50 

38 

38 

38 

29 

43 

44 

43 

23 

20 

57 

83 

67 

50 

50 

43 

43 

33 

60 

57 

50 

80 

TABLE  2.  Cloud  forecast  matrix  based  on  cloud  frequency  and  conditional  probability  data 
in  Table  1.  If  conditional  probability  >70%  value  is  “1.”  If  conditional  probability  is  <70% 
and  >50%,  then  value  is  “1”  if  average  of  conditional  probability  and  cloud  frequency  for 
forecast  time  is  >60%.  “1”  is  a  forecast  for  cloud,  and  “0”  for  clear. 
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TABLE  3.  Conditional  probability  of  cloud  given  1-33%  of  pixels  within  15  km  of  Sarajevo 
covered  with  cloud  at  initial  time  June  22,  1994  -  August  5,  1994. 
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14 

40 

40 

20 

60 
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60 

60 
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17 

50 

50 

50 

0 
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50 

50 
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0 
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21 

37 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

22 

22 

0 

33 

0 

0 
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33 

33 

0 

0 

0 
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67 
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20 

50 

25 

50 

25 

0 

0 

0 

0 
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25 

TABLE  4.  Forecast  matrix  as  in  Table  2  except  with  initial  condition  of  1-33%  of  pixels 
within  15  km  of  Sarajevo  classified  as  cloudy. 
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ABSTRACT 

The  use  of  high  technology  is  now  commonplace  on  the  modem  battleground.  Some  deployed  high- 
technology  systems  use  laser  designators  to  illuminate  targets.  Designators  are  particularly  effective  in  spectral 
regions  unseen  by  the  human  eye  because  those  targeted  will  often  be  unaware  of  impending  attack.  However, 
screening  aerosols  that  strongly  attenuate  designator  frequencies  can  defeat  designator  systems  through 
concealment  of  targets  and/or  the  creation  of  false  targets. 

This  paper  describes  the  Pulsed  Lasers  in  Smoke  (PULSE)  model  which  is  used  to  study  the  effects  of 
screening  aerosols  on  designator  systems.  The  PULSE  model  provides  the  user  with  multi-layer  plane  parallel 
or  Gaussian  plume  aerosol  dispersion  options.  The  model  assumes  single  scattering  of  designator  radiation  in 
the  screening  aerosol.  The  screening  aerosol  is  characterized  by  mass  extinction  coefficient,  single-scattering 
albedo,  and  scattering  phase  function,  all  of  which  are  functions  of  wavelength.  The  battlefield  geometry  is 
established  by  the  designator,  target,  and  weapon  locations.  Other  inputs  include  designator  pulse  shape, 
duration,  and  width,  target  albedo,  and  receiver  field  of  view. 

The  PULSE  model  output  includes  designator  pulse  shape  and  energy  at  the  receiver  and  the  location 
in  space  of  the  radiation  returns.  Results  showing  false  target  returns  and  stretched  pulses  due  to  their  interaction 
with  the  screening  aerosols  are  discussed. 


1.  INTRODUCTION 

The  latter  part  of  the  twentieth  century  has  seen  the  development  of  many  sophisticated  weapons  systems 
for  the  battlefield.  Both  active  and  passive  systems  are  now  commonly  in  deployed.  One  type  of  active  system 
employs  a  laser  designator.  Designator  systems  are  either  self-designating  or  require  a  stand-off  designator  to 
lase  the  intended  target.  One  particular  countermeasure  used  against  designator  systems  is  that  of  smoke  and 
obscurants.  Screening  aerosols  that  strongly  attenuate  designator  fi-equencies  can  defeat  such  systems  through 
concealment  of  targets  and/or  the  creation  of  false  target  returns.  To  facilitate  the  study  of  the  effects  of 
smoke/obscurants  on  designator  signals,  the  Pulsed  Lasers  in  Smoke  (PULSE)  simulation  model  was  developed. 
This  paper  describes  the  PULSE  model. 


2.  PULSE  MODEL 

The  basic  scenario  treated  by  the  PULSE  model  is  illustrated  by  Fig.  1 .  The  PULSE  code  models  the 
interaction  of  a  designator  pulse  with  obscurants  and  a  target.  The  model  uses  first  principles  to  describe  the 
designator-obscurant  interaction.  Laser  pulse  scattering  is  approximated  with  a  single  scattering  algorithm.  The 
obscurant  aerosol  is  characterized  by  aerosol  spatial  concentration  (p),  single  scattering  albedo  (w^),  mass 
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extinction  coefficient  (a),  and  scattering  phase  function  (P(9, (}))).  The  single  scattering  albedo  is  defined  as  the 
ratio  of  the  fraction  of  incident  radiation  which  is  scattered  to  the  sum  of  the  scattered  and  absorbed  radiation. 
The  scattering  phase  function  is  the  probability  distribution  of  scattered  radiation  as  a  function  of  scattering 
angle.  The  essence  of  the  PULSE  model  calculations  for  the  designator-obscurant  interaction  is  illustrated  in  Fig 
2. 


The  designator-target  LOS  is  divided  into  small,  nominally  1  m,  incremental  segments.  As  illustrated 
in  Fig.  2,  the  scattering  sites  are  considered  to  be  in  the  middle  of  each  of  these  incremental  segments.  The  pulse 
intensity  fi'om  the  designator  to  the  scattering  site  is  reduced  by  applying  the  Beer-Lambert  law.  The  designator 
radiation  “lost”  fi'om  the  pulse  in  the  incremental  segment  is  also  determined  fiom  the  Beer-Lambert  law.  The 
fiaction  of  the  lost  radiation  which  is  scattered  is  determined  by  the  single  scattering  albedo  for  the  obscurant. 
The  single  scattering  albedo  is,  in  general,  wavelength  dependent.  The  fiaction  of  the  scattered  radiation  which 
is  directed  toward  the  seeker  is  determined  by  the  wavelength  dependent  obscurant  phase  flmction  and  the  field 
geometry.  Radiation  scattered  in  all  other  directions  or  absorbed  by  the  obscurant  is  ignored. 

The  obscurant  aerosol  is  currently  distributed  by  one  of  two  methods.  The  first  method  is  a  stratified 
layer  approach.  Each  obscurant  layer  is  assigned  its  own  parameters  of  concentration,  mass  extinction  coefficient, 
single  scattering  albedo,  and  phase  function.  Each  layer  is  also  assigned  a  vertical  thickness  and  height  above 
the  ground.  This  approach  allows  study  of  variable  concentration  and  cloud  "holes"  along  the  designator-target 
LOS.  Holes  are  created  by  assigning  a  layer  zero  concentration.  The  PULSE  model  allows  20  layers  to  be 
defined.  PULSE  code  is  written  such  that  more  layers  can  easily  be  added  if  required. 
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Figure  2.  Incident  radiation  from  the  top  of  the  incremental  segment  is  attenuated  as 

described  by  the  Beer-Lambert  Law.  The  fraction  of  radiation  scattered  toward 
the  seeker  is  calculated  using  the  single  scattering  albedo  and  the  phase  function. 


The  second  option  for  obscurant  concentration  distribution  a  Gaussian  plume  model.  This  model  allows 
for  obscurant  buoyancy,  a  vertical  wind  vector,  evaporation  of  the  fog  oil  as  a  function  of  downwind  distance, 
and  scavenging  of  obscurant  material  by  the  terrain.  Both  the  layer  model  and  the  Gaussian  model  are  static 
representations  of  the  obscurant  cloud. 

The  results  of  the  PULSE  model  calculations  are  designator  pulse  profiles  at  the  seeker  aperture  (Fig 
3)  as  well  as  the  spatial  coordinates  of  scattering  points  in  the  obscurant  and  from  the  target  (Fig  4).  The 
designator-target-seeker  geometry  allowed  by  PULSE  assumes  that  the  designator  and  the  seeker  will  be 
horizontal  to  or  above  the  target. 

A  dynamic  (time  dependent)  obscurant  cloud  algorithm  is  not  yet  verified  for  PULSE.  However,  the 
STATBIC  (Hoock,  1994)  algorithm  developed  by  Dr.  Don  Hoock  of  the  U.S.  Army  Research  Laboratoiy  has 
been  included  as  an  obscurant  dissemination  option  in  the  PULSE  model.  This  algorithm  provides  a  time- 
dqjendent,  fractal-like  description  of  the  obscurant  cloud.  While  this  algorithm  has  been  included  in  the  PULSE 
code  it  has  not  been  fiilly  verified.  This  option  should  used  cautiously. 

Certain  "tricks"  could  be  exercised  using  the  aerosol  static  dispersions  options  to  provide  time-dependent 
simulations.  For  example,  preprocessing  of  the  weapon  flight  path  and  designator  location  could  be 
accomplished  to  create  a  series  of  look-up  tables.  This  preprocessing  approach  involves  manually  manipulating 
the  obscurant  cloud  stmcture  for  each  time  step  during  the  flight.  While  this  technique  is  labor  intensive,  it  could 
be  employed  in  lieu  of  exercising  the  time-dependent  algorithm. 
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Pulse  Energy,  J 


Time,  s 

3.  The  dot-dash  curve  represents  the  designator  pulse  reflected  by  the  target  in  clear 
air.  The  solid  curve  is  the  designator  pulse  calculated  for  a  Gaussian  plume  over  the 
target. 


Figure  4.  Locations  and  relative  intensities  of  designator  energy  scattered  by 
obscurant  cloud. 


The  PULSE  code  is  written  in  plain  vanilla  FORTRAN  77  with  special  attention  paid  to  portability.  The 
model  is  currently  flmctional  as  described  and  has  undergone  extensive  verification  to  identify  and  correct  code 
errors  or  logic  errors.  Verification  has  included  running  both  the  layer  and  Gaussian  distribution  models  for  a 
wide  range  of  geometries  and  optical  depth  conditions.  Limited  validation  of  the  model  has  been  accomplished 
(Davis  and  Rishel,  1997)  using  field  data.  A  copy  of  the  code  can  be  obtained  by  contacting: 

Dr.  Hriar  Cabayan  (510)  422-8871 
Lawrence  Livermore  National  Laboratory 
P.O.  Box  808  (L-180) 

Livermore,  CA  94550 


3.0  EXAMPLE  PULSE  RUN 

The  example  PULSE  run  presented  in  this  section  is  taken  from  a  PULSE  validation  effort  which 
used  data  acquired  during  the  Counter  Precision  Guided  Munitions  (PGM)  Smoke/CEP/Tower  (SCEPTOR) 
trials  held  at  Eglin  AFB  in  June  1994.  The  validation  compares  the  PULSE  model  pulse  profile  at  the  seeker 
with  the  pulse  profile  actually  recorded  during  the  trial  event.  This  comparative  validation  requires  the  cloud 
concentration  information  to  be  coincident  in  time  with  the  recording  of  the  designator  profile.  The  PGM 
SCEPTOR  trials,  the  trial  data  sets,  and  the  model  validation  effort  are  documented  in  Davis  and  Rishel 
(1997). 


Instrumentation  at  the  PGM  SCEPTOR  test  included  transmissometers,  radiometers,  lidar,  video 
cameras,  meteorological  instruments,  and  seeker  head.  An  oscilloscope  connected  to  the  seeker  head  recorded 
the  designator  pulses  as  processed  by  the  seeker  head  electronics.  The  seeker  head,  lidar,  one  radiometer,  and 
one  transmissometer  were  located  at  the  top  of  a  300'  meteorological  tower.  The  target,  an  8'  x  10'  board 
covered  with  diaper  cloth,  was  located  on  the  ground  approximately  110  m  east-north-east  of  the  tower.  The 
board  was  rotated  45°  south  of  the  designator  (lidar)  LOS  and  tilted  45°  from  the  vertical  toward  the  sky.  The 
slant  path  distance  from  the  top  of  the  tower  to  the  target  was  approximately  194  m. 

Part  of  the  input  required  by  the  PULSE  model  is  the  specification  of  obscurant  concentration  as  a 
function  of  location  along  the  designator-target-seeker  LOS.  For  the  model  validation  this  information  was 
derived  from  the  lidar  optical-depth-per-meter  data.  The  lidar,  which  was  used  to  map  the  obscurant  cloud 
concentration,  was  also  used  as  the  laser  designator  for  the  validation  data  sets.  Because  the  seeker  head  was 
co-located  with  the  lidar  at  the  top  of  the  tower,  a  backscatter  geometry  was  established.  Using  the  lidar  as 
the  designator  allowed  the  mapping  of  the  cloud  concentration  along  the  designator-target-seeker  LOS. 

The  obscurant  layer  model  was  selected  for  the  PULSE  validation  runs.  This  is  a  reasonable 
approach  since  the  cloud  is  “frozen”  for  a  given  pulse.  The  backscatter  geometry  allows  the  precise 
placement  of  the  cloud  segment  positions  and  of  the  cloud  segment  concentrations  at  the  time  of  designation. 

One  of  the  problems  encountered  in  performing  the  validation  runs  was  the  fact  that  the  lidar 
information  and  the  oscilloscope  seeker  head  pulse  profiles  were  not  exactly  time  coincident.  The  lidar  data 
was  reported  once  eveiy  3  or  4  seconds  and  is  a  1-s  average  based  on  16  pulses.  The  oscilloscope  profiles 
were  recorded  on  video  tape,  but  digitized  profiles  for  analysis  were  copied  to  files  at  irregular  intervals  with 
time  tags  only  to  the  nearest  whole  second.  The  radiometer  data  shows  that  the  concentration  along  a  given 
LOS  can  change  dramatically  in  a  fraction  of  a  second.  Thus,  the  cloud  structure  reported  by  the  lidar  may 
have  changed  significantly  from  the  time  the  seeker  head  pulse  was  recorded.  Obscurant  cloud  lidar  profile 
and  the  oscilloscope  profile  presented  in  this  example  are  separated  in  time  by  (at  least)  one  second. 
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A  second  problem  impacting  the  comparative  analysis  was  fact  that  the  oscilloscope  recorded  the 
designator  pulses  after  being  processed  by  non-linear  electronics  in  the  seeker  head.  That  is,  the  oscilloscope 
pulse  profiles  are  non-linear  in  amplitude.  It  was  learned  fi'om  discussions  with  test  engineers  that  no 
information  concerning  the  gain  switching  levels  was  recorded  and  no  transformation  could  be  applied  to  the 
profiles.  Therefore,  the  comparison  between  modeled  pulses  and  observed  pulses  is  limited  in  detail  because 
the  modeled  pulses  are  linear  in  amplitude. 

Figure  5  illustrates  how  concentration  and  path  length  input  data  was  derived  fi'om  the  lidar  cloud 
information.  The  slant  path  length  through  a  cloud  segment  is  taken  to  be  the  full  width  of  isolated  segments 
such  as  segments  1  and  4  shown  in  Figure  5.  Specifying  the  width  of  blended  segments  (e.g.  segments  2  and 
3)  is  more  complicated.  Through  some  trial  and  error  and  a  review  of  the  oscilloscope  profiles,  it  was 
eventually  decided  that  some  “clear  air”  was  usually  required  between  blends  with  well-defined  peaks.  In 
these  cases  a  point  half  way  between  the  lesser  peak  of  the  blend  and  the  minimum  between  the  peaks  was 
chosen.  From  this  point  a  line  was  constructed  to  intersection  the  larger  peak  of  the  blend.  One-quarter  of 
this  distance  was  assigned  as  the  clear  air  path  length  between  the  blended  segments.  Allowing  for  this 
amount  of  clear  air  between  the  segments,  the  path  lengths  through  the  blended  segments  were  determined. 
The  optical  depth  integrations  were  performed  to  the  minimums  between  the  peaks. 


Optical  Depth  per  m 

Figure  5.  Optical  depth,  x,  and  cloud  segment  thickness  is  determined  from  a  lidar  profile 
(left  side  of  fig.).  The  optical  depth  for  each  major  cloud  segment  is  computed  by 
integration  over  the  segment  thickness.  Segment  thickness  is  measured  directly. 
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The  locations  of  the  cloud  segments  relative  to  the  designator  (and  seeker  in  this  case)  were 
determined  directly  from  the  lidar  measurements.  The  mean  aerosol  concentration  in  each  obscurant 
segment,  Ij,  was  determined  by; 


<P>, 


(1) 


where: 

a(A)  = 

mass  extinction  coefficient,  mVg 

segment  I  total  (integrated)  optical  depth 

li 

slant  path  distance  through  segment  I,  m 

A  fog  oil  mass  extinction  coefficient  of  1.5  mVg  for  1.06  gm ,  derived  from  LASSEX  (Bullard,  et  al., 
1995)  field  transmission  and  nephelometer  measurements,  was  used  in  eq.  1  to  determine  obscurant 
concentrations  needed  by  the  PULSE  model  for  the  example.  The  optical  depths  for  the  individual  segments 
were  determined  by  integrating  the  lidar  optical-depth-per-m  over  the  each  segment.  The  slant  path  lengths 
were  measured  directly  from  the  segment  widths.  The  layer  thickness  for  the  model  input  was  the  segment 
slant  path  thickness  reduced  by  the  cosine  of  the  lidar-target  LOS  as  measured  from  the  vertical. 

The  results  of  the  example  run  are  displayed  in  Fig.  6.  Also  displayed  in  Fig.  6  are  the  oscilloscope 
pulse  profile  and  the  lidar  cloud  optical-depth-per-meter  data.  The  oscilloscope  data  and  PULSE  model 
profiles  are  presented  as  a  function  of  distance  rather  than  time.  This  allows  a  standard  plot  format  for  Fig  6. 
For  convenience,  all  data  sets  types  have  been  registered  with  the  ground  target  position,  194  m  from  the 
lidar/seeker  position  at  the  top  of  the  tower.  The  oscilloscope  and  PULSE  model  profiles  may  be  compared 
directly  for  features  as  a  function  of  distance.  The  cloud  structure  (lidar  data)  features  can  be  compared  with 
the  model  profiles  but  the  distance  coordinates  for  model  designator  profile  features  will  be  expanded  factor 
of  2  due  to  the  test  geometry.  In  comparing  the  profiles,  the  reader  is  reminded  that  1)  the  oscilloscope 
profiles  have  been  processed  by  non-linear  seeker  head  electronics,  2)  the  modeled  profiles  are  linear  and 
based  on  lidar  cloud  structure  data,  and  3)  the  lidar  cloud  structure  profiles  are  averages  of  16  profiles  and  are 
not  precisely  time  coincidence  with  the  seeker  head  (oscilloscope)  profiles. 

In  reviewing  the  results  presented  in  Fig.  6  it  is  obvious  that  the  width  of  the  modeled  pulse  as 
reflected  at  the  target  is  approximately  half  that  of  the  target  pulse  recorded  at  the  oscilloscope.  Several 
factors  may  be  responsible  for  this  difference  between  the  observed  and  modeled  pulse.  The  most  important 
factor  is  probably  the  fact  that  model  assumed  a  flat  Lambertian  target  perpendicular  to  the  pulse 
propagation.  In  reality,  the  target  was  rotated  approximately  45®  to  the  lidar  and  approximately  45°  to  the 
horizontal.  This  will  cause  the  lidar  spot  to  become  elongated  on  the  target,  resulting  in  a  broadening  of  the 
return  pulse.  Secondly,  it  is  possible  that  the  reported  pulse  width  of  the  lidar  could  be  in  error.  Thirdly,  the 
non-linear  amplification  of  the  reflected  pulses  by  the  seeker  head  will  server  to  magnify  the  base  of  the 
return  pulse.  This  magnification  of  the  wings  of  the  target  return  is  evident  in  the  target  signature  which 
always  has  a  small  peak  (the  central  portion  of  the  pulse)  resting  on  the  shoulders  of  the  target  return. 

The  review  of  the  results  presented  in  the  Fig.  6  also  reveals  that  the  modeled  profiles  tend  to  have 
somewhat  concave  shapes  on  the  trailing  sides  of  the  pulses.  This  signature  is  attributed  to  the  Beer-Lambert 
treatment  of  the  designator  pulse  as  it  traverses  the  obscurant  medium.  That  is,  the  intensity  of  the  pulse 
power  is  reduced  as  exp(-t)  as  the  pulse  traverses  the  obscurant.  The  reasons  the  oscilloscope  pulses  do  not 
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show  a  distinctive  concave  signature  include:  (1)  the  oscilloscope  profiles  are  processed  by  the  non-linear 
seeker  head  electronics,  and  (2)  the  ocsilloscope  profiles,  unlike  the  PULSE  model  profiles,  include  the  full 
effects  of  multiple  scattering.  However,  the  degree  to  which  multiple  scattering  effects  the  overall  profile 
shape  is  uncertain  at  this  time. 

Overall,  the  modeled  features  for  the  example  data  set  compare  quite  favorably  with  the  oscilloscope 
pulse  segments.  The  multiple  structure  in  the  leading  pulse  segment  is  mimicked  reasonably  and  second 
independent  segment  adjacent  to  the  target  shows  the  proper  shape  and  signature.  Additionally,  the  pulse 
stretching  has  been  computed  accurately. 


5.  SUMMARY 

The  PULSE  model  is  currently  operational.  It  is  wavelength  independent  in  the  sense  that  the  wavelength 
is  determined  by  the  obscurant  input  parameters  (single  scattering  albedo,  phase  function,  and  mass  extinction 
coefficient).  It  is  also  aerosol  independent  as  long  as  the  obscurant  input  parameters  are  available.  PULSE  uses 
either  a  stratified  plane-parallel  mode  or  Gaussian  cloud  approximation  mode  to  distribute  the  obscurant  cloud. 
Both  of  these  modes  are  static  in  nature.  A  dynamic  cloud  distribution  algorithm  is  available  but  has  not  been 
fully  verified.  PULSE  is  available  (see  Section  2)  to  interested  users. 

PULSE  model  validation  is  incomplete  due  to  a  lack  of  a  comprehensive  field  data  set.  Nonetheless, 
as  the  example  presented  in  Fig  6  shows,  the  PULSE  model  can  provide  a  reliable  and  generally  accurate 
representation  of  a  designator  pulse  which  has  encountered  an  obscurant  cloud. 
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ABSTRACT 


An  important  aspect  of  owning  the  weather  is  knowledge  of  cloud  occurrence  in  a  specific 
region.  Clouds  have  a  significant  impact  on  electro-optical  sensors  aboard  smart  weapons.  The 
task  of  xmderstanding  clouds  in  order  use  them  to  tactical  advantage  is  a  challenge  with  the 
current  U.S.  policy  of  rapid  force  projection  to  regions  where  U.S.  forces  may  not  have  served 
before,  with  the  result  that  military  forecasters  and  planners  may  have  only  a  rudimentary 
understanding  of  important  mesoscale  weather  phenomena.  Tactical  planners  need  advance 
knowledge  of  cloud  characteristics  in  a  region  before  forces  are  deployed  in  order  to  choose 
appropriate  weapons  as  well  as  plan  bases  of  operations.  Reconnaissance  is  also  affected  by 
clouds,  as  was  clearly  demonstrated  in  the  "Great  Scud  Hunt"  during  the  Gulf  War.  The  impact 
of  clouds  on  these  matters  is  determined  not  only  by  the  mean  occurrence  of  cloudiness  but  by 
their  vertical  distribution  as  well.  We  have  constructed  a  pilot  dataset  as  a  tool  to  address  these 
issues. 


The  Climatological  and  Historical  ANalysis  of  Clouds  for  Environmental  Simulations 
(CHANCES)  database  was  used,  with  supportive  data,  to  produce  CLVL  (CHANCES  LeVeLs), 
a  multi-layer  cloud  database,  for  an  initial  3 1  day  period  in  July,  1994.  The  CLVL  database  is 
unique  in  that  it  offers  a  global,  hourly,  5  km  resolution,  8  vertical  layer  cloud  depiction.  The 
supportive  data  includes  USAF  High-Resolution  Analysis  System  (HIRAS)  upper-air 
surface  weather  observations  (USAF  DATSAV2  database),  Special  Sensor  Microwave  /  Imager 
(SSM/I)  precipitation  retrievals  from  two  Defense  Meteorological  Satellite  Program  (DMSP) 
satellites,  and  the  U.S.  Navy  topographic  database  (ET0P05).  The  CHANCES  cloud  detection 
and  infrared  imagery  were  merged  with  the  supportive  data  to  construct  the  three-dimensional 
cloud  fields  for  CLVL.  The  HIRAS  analysis  and  SSM/I  precipitation  retrievals  were  used  to 
provide  the  vertical  moisture  distribution  for  the  cloud  layer  assignments.  The  surface 
observations  were  used  as  input  for  cloud  base  measurements  and  were  interpolated  within  the 
areas  flagged  as  cloudy  from  the  CHANCES  database.  Surface  observations  were  the  primary 
data  source  over  land,  and  the  HIRAS  analysis  and  SSM/I  retrievals  were  the  primary  data  source 
over  the  oceans.  A  complementary  product  of  precipitation,  cirrus  and  stratus  occurrence,  and 
various  data  source  flags  was  also  built  at  the  same  resolution  as  the  8-level  cloud  product.  The 
methodology  used  to  construct  the  CLVL  database  and  examples  of  the  types  of  militarily 
relevant  products  which  may  be  derived  from  the  CLVL  database  are  presented. 
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1.  INTRODUCTION 


Clouds  play  a  critical  role  in  defense-related  activities.  Satellite  cloud  climatologies  (Reinke  et 
al.,  1992)  are  a  valuable  tool  in  recognizing  preferred  areas  of  cloud  occurrence  and 
nonoccurrence  for  mission  planning  (Reinke  et  al.,  1993).  Knowledge  of  the  likely  cloud 
occurrence  in  a  specific  region  allows  weapons  and  surveillance  systems  to  be  optimally  placed 
to  take  advantage  of  the  obscuration  effect  of  clouds.  Conversely,  systems  requiring  clear 
conditions  to  operate  can  optimize  their  performance  as  well  with  high  resolution  cloud 
climatologies.  Such  knowledge  is  increasingly  important  with  current  electro-optical  sensors. 
Simulations  of  cloud  impacts  on  future  military  systems  and  training  of  forecasters  for  any  part  of 
the  world  can  also  benefit  by  the  realistic  treatment  of  clouds  provided  by  high  resolution  cloud 
depictions  and  cloud  climatologies.  For  contingencies  where  surface  weather  data  is  denied  or  is 
of  poor  quality,  climatological  properties  of  clouds  can  be  a  valuable  tool. 

The  horizontal  and  temporal  occurrence  of  clouds  can  now  be  studied  with  unprecedented  global 
resolution  by  using  the  satellite-derived  CHANCES  cloud  database  (Vonder  Haar  et  al.,  1995). 
Satellite-based  cloud  climatologies  have  significant  advantages  over  those  derived  from  surface 
observations  of  cloud  cover,  such  as  the  Real  Time  Nephanalysis  (RTNEPH).  TTie  higher 
resolution  of  the  satellite-based  cloud  detection  allows  small-scale  but  tactically  important  cloud 
features,  such  as  clouds  anchored  to  topographic  features,  to  be  exploited  for  a  military 
advantage.  High  resolution  cloud  climatologies  for  a  specific  region  can  be  a  useful  short-term 
forecasting  tool,  and  they  allow  a  forecaster  to  become  familiar  with  cloud  occurrence  in  an 
unfamiliar  region  (Hall  et  al.,  1996  (in  this  volume)). 

The  Chances  Levels  (CLVL)  pilot  database  described  in  this  paper  extends  the  power  of  high 
resolution  satellite  cloud  climatologies  into  the  vertical  dimension.  Now  questions  such  as  "What 
is  the  probability  of  clouds  above  6  km  altitude  in  July  over  Sarajevo  ?"  or  "What  is  the 
probability  of  multi-layer  clouds  at  a  given  location?"  can  be  addressed.  Cloud-free-line-of-sight 
(CFLOS)  calculations  with  altitude  dependence  (e.g.  Eis,  1994)  are  also  possible  with  the  CLVL 
database.  In  addition,  the  CLVL  database  provides  researchers  at  CIRA  a  testbed  with  which  to 
test  and  refine  cloud  layer  retrieval  algorithms  on  a  global  scale.  This  paper  briefly  describes  the 
algorithm  used  to  build  the  CLVL  database  and  presents  some  examples  of  the  types  of 
climatological  products  which  can  be  generated  with  such  a  database.  More  extensive 
documentation  on  the  CLVL  database  can  be  found  in  Forsythe  et  al.,  1996. 

2.  CLVL  DATABASE  FORMAT 

The  CLVL  product  was  created  as  a  demonstration  subset  from  one  year  of  the  global 
CHANCES  data.  The  CLVL  database  consists  of  two  8-bit  images  at  the  CHANCES  5-km 
global  resolution  for  each  hour  of  the  month  of  July,  1994.  The  contents  of  the  CLVL  database 
are  described  in  Table  1. 
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Table  1:  Contents  of  CLVL  database. 


Element 

Size 

Contents 

8  bits 

1  bit  set  for  each  layer  in  which  cloud  is  present.  Layers  are  1.5  km 
apart  starting  at  ground  level. 

Quality 
Assessment 
Product 
(QA  Image) 

8  bits 

High  thin  cloud  or  low  cloud  flag  (from  CHANCES  visble  /  IR) 
Precipitation  flag  (from  surface  or  SSM/I) 

Surface  or  SSM/I  data  use  flag 

Moist  atmosphere  flag 

Persisted  CHANCES  data  or  error  condition  flag 

3.  INPUT  DATA 

CHANCES  infrared  (IR)  temperatures  and  cloud  detection  (Vonder  Haar  et  al.,  1995)  are  the 
parent  data  used  to  construct  the  CLVL  product.  The  cloud  /  no  cloud  field  derived  in 
CHANCES  is  used  as  a  constraint  for  cloud  layer  retrieval,  with  no  layers  retrieved  where 
CHANCES  does  not  indicate  clouds.  When  cloud  is  indicated  in  the  CHANCES  data,  additional 
ancillary  data  is  brought  in  to  assist  in  determining  the  vertical  extent  of  the  clouds.  The  flow  of 
data  to  create  the  CLVL  product  is  indicated  in  Figure  1.  The  "Global  Merge  Processor"  is  the 
CLVL  cloud  layer  algorithm  and  will  be  described  in  section  4. 


Figure  1.  CLVL  data  flow  diagram. 


335 


3.1  Satellite  data 


Satellite  imagery  that  served  as  input  to  the  CLVL  processing  was  the  archived  CHANCES 
infrared  image  database  and  cloud  detection  database.  The  database  consists  of  both 
geostationary  and  polar-orbiter  data  (total  of  eight  platforms)  that  has  been  merged  onto  a  global, 
5-km,  1-hr  database.  Independent  cloud  detection  from  visible  (during  daylight)  and  infrared 
data  is  stored  separately  in  the  CHANCES  database. 

3.2  USAF  HIRAS  Database 


The  HIRAS  database  consists  of  2.5  degree  resolution  gridded  fields  with  upper  level 
temperature,  relative  humidity,  and  heights  for  mandatory  levels.  The  database  is  updated  every 
6  hours  (0,  6, 12,  and  18  UTC)  and  was  interpolated  to  hourly  files  to  be  matched  with  the  1-hour 
resolution  CHANCES  database.  Bilinear  interpolation  at  each  CHANCES  pixel  was  used  to 
construct  the  fields  of  temperature,  humidity,  and  height  at  each  level. 

3.3  SSM/I  Data 

Raw  SSM/I  brightness  temperatures  from  the  FlO  and  FI  1  instruments  were  mapped  into  the 
CHANCES  projection  and  used  to  detect  precipitation  over  all  surface  types  with  the  algorithm 
of  Grody  (1991).  The  orbit  files  from  each  instrument  were  broken  into  hourly  files  centered  on 
the  hour  of  interest. 

3.4  USAF  Surface  Observations  Database  (DATSAV2) 

This  database  is  a  reformatted  version  of  standard  global  surface  weather  observations.  Decoders 
were  written  to  further  reformat  the  DATSAV2  data  into  a  more  compact  file  structure  for 
CLVL.  Only  those  observational  items  that  were  of  interest  were  saved  for  use  in  the  CLVL 
processing.  These  items  include  station  ID,  location,  date/time,  temperature,  dewpoint,  cloud 
(sky  cover)  amount,  cloud  bases,  and  present  weather. 

Due  to  global  patterns  of  weather  observation  reporting,  there  were  about  twice  as  many  Surface 
Airways  Observations  (SAO)  reports  available  at  every  third  hour  as  compared  to  every  hour 
(i.e.,  more  at  0, 3,  9,  12,  15, 18, 21  UTC)  in  the  DATSAV2  database.  This  was  largely  due  to 
missing  observations  from  Eastern  Bloc  and  Southern  Hemisphere  countries;  Western 
Hemisphere  nations  had  about  the  same  number  of  observations  every  hour.  About  7000  global 
observations  would  be  available  every  third  hour,  but  this  number  decreased  to  about  3500  at 
other  hours.  In  order  to  account  for  this  in  the  CLVL  product,  observations  from  the  closest 
"third"  hour  were  persisted  to  the  "non-third"  hours  when  no  other  observations  were  available. 
For  example,  at  01  UTC  the  observation  from  00  UTC  would  be  persisted,  and  at  02  UTC  the 
observation  from  03  UTC  was  "backward  persisted". 

3.5  Topography  Database 

Topography  data  is  taken  from  the  U.S.  Navy  ETOP05  database.  This  database  gives  surface 
elevation  and  is  on  a  10-km  resolution  grid.  This  database  was  bilinearly  interpolated  to  the 
CHANCES  resolution  to  determine  the  elevation  of  the  CHANCES  grid  points,  and  to  constrain 
the  cloud  base  solution  when  necessary  (i.e.  cloud  bases  were  not  allowed  to  occur  below  the 
surface). 
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4.  CLVL  CLOUD  LAYER  ALGORITHM 


This  section  briefly  describes  the  steps  occurring  in  the  "Global  Merge  Processor"  (in  Figure  1), 
after  all  available  data  for  a  particular  time  and  location  has  been  gathered. 

The  first  step  in  the  production  of  the  global  layered  cloud  product  is  to  determine  if  cloudiness 
exists  in  the  CHANCES  cloud/no  cloud  data.  This  occurs  about  5 1  percent  of  the  time  on  a 
global  average.  Clear  points  are  not  processed  any  further. 

For  cloudy  points,  the  height  corresponding  to  the  IR  temperature  is  set  as  the  top  of  the  cloud, 
hereafter  referred  to  as  Z  (T).  Additional  clouds  which  might  be  added  from  the  following  steps 
are  added  only  below  this  level. 

Clouds  classified  as  cirrus  or  stratus  from  the  CHANCES  product  are  only  allowed  to  exist  at  the 
single  layer  defined  by  Z  (T).  Thus,  these  two  cloud  types  are  determined  from  the  satellite  data 
alone  and  not  influenced  by  other  data.  Cirrus  and  stratus  are  only  classified  in  the  CHANCES 
data  when  visible  data  is  available.  Clouds  not  classified  up  to  this  step  are  sent  to  the  general 
CLVL  cloud  layer  assignment  module,  which  merges  in  all  available  data  (SSM/I,  Surface 
Airways  Observations  (SAO),  and  upper  air)  to  assign  the  8  levels  in  the  CLVL  output. 

A  check  is  made  to  see  if  there  is  collocated  SSMI/I  data  at  the  current  location.  If  there  is  SSM/I 
data  available,  a  precipitation  test  is  done  using  the  global  algorithm  of  Grody  (1991).  If 
precipitation  is  indicated,  a  9  x  9  pixel  box  (approximately  45  x  45  km)  around  the  center  of  the 
SSM/I  field-of-view  is  marked  as  precipitating.  This  corresponds  to  the  SSM/I  footprint  size  for 
the  precipitation  algorithm.  If  a  CHANCES  determined  cloud  is  in  a  precipitating  field-of-view, 
all  layers  below  Z(T)  are  marked  as  cloudy. 

Next,  the  SAO  data  is  searched  to  find  all  observations  within  150  km  of  the  current  location.  If 
more  than  two  stations  are  found,  a  Gaussian  filter  is  used  to  objectively  interpolate  the  SAO 
station  fields  (cloud  bases,  fog  existence,  precipitation  existence).  If  only  one  or  two  SAO 
stations  are  found,  a  test  is  done  to  see  if  either  is  within  30  km  of  the  current  location.  If  so,  the 
fields  from  the  closest  station  are  used.  If  no  SAO  stations  are  within  150  km,  SAO  data  is  not 
used  in  the  cloud  layer  assignment.  If  precipitation  is  located  in  the  SAO  data,  all  levels  below 
Z(T)  are  marked  as  cloudy.  The  lowest  level  is  marked  as  cloudy  for  fog  conditions.  The 
DATSAV2  database  reports  up  to  three  cloud  heights,  and  levels  corresponding  to  any  clouds  at 
these  heights  are  marked  as  cloudy. 

For  non-precipitating  clouds,  regardless  of  whether  they  have  SAO  observations  or  not,  the 
sounding  from  the  HIRAS  data  at  the  mandatory  levels  is  tested  to  determine  if  there  are  any 
clouds  indicated  from  the  relative  humidity  profile.  The  methodology  to  do  this  follows  from 
Wang  and  Rossow  (1995).  In  essence,  this  method  looks  for  relative  humidity  in  the  layer 
greater  than  84  percent,  and  also  looks  for  sharp  gradients  between  layers.  Layers  which  are 
indicated  to  have  cloud  by  the  upper  air  method  are  marked  as  cloudy  in  the  CLVL  output  layer 
product,  and  this  occurrence  is  also  noted  in  the  QA  image. 
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At  this  point  in  the  CLVL  cloud  layer  algorithm,  all  of  the  cloud  layer  assignments  have  been 
completed.  The  next  step  is  to  convert  the  cloud  layer  heights  to  an  above  ground  level  scale, 
using  the  ETOP05  global  topography  data,  and  to  handle  any  unrealistic  situations  which  may 
arise  from  this  (e.g.  clouds  below  the  ground,  base  above  cloud  top).  In  general,  error  conditions 
occurred  less  than  1%  of  the  time  in  the  CLVL  processing.  The  error  flag  is  set  in  the  QA  image 
for  these  conditions. 

Figure  2  shows  a  cross  section  through  the  CLVL  cloud  layer  retrieval  and  a  3-dimensional 
rendering  of  the  same  image.  The  CHANCES  infrared  image  is  also  shown.  This  is  through 
Tropical  Storm  Alberto  on  July  3, 1994  at  16  UTC  over  the  southeastern  U.S.  Note  the  thick 
clouds  through  the  center  of  the  tropical  storm,  with  low  scattered  clouds  on  the  west  and  a 
higher  veil  of  clouds  over  the  ocean  to  the  east. 


Figure  2.  Sample  cross-section  through  the  8-layer  cloud  product  on  July  3,  1994,  16  UTC.  A 
3-D  rendering  is  also  shown  along  the  line  A-B. 

5.  SAMPLE  CLVL  CLIMATOLOGIES 

From  the  one  month  demonstration  CLVL  dataset  from  July  1994,  several  cloud  climatologies 
were  produced.  These  reveal  the  types  of  decision  aids  that  can  be  generated  from  a  layered 
cloud  retrieval.  Additional  products,  such  as  the  occurrence  of  multiple  layers  of  cloud  in  a 
region,  can  also  be  created  with  the  CLVL  database.  There  are  numerous  military  applications  of 
these  types  of  products,  such  as  reconnaissance  planning  and  ballistic  missile  detection 
probability  as  a  function  of  height. 
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The  frequency  of  occurrence  of  cloud  when  cloudy  in  the  lowest  two  CLVL  layers  is  presented  in 
Figure  3  at  full  CHANCES  resolution  for  an  area  over  Italy  and  the  Former  Yugoslavia.  CLVL 
layered  cloud  retrievals  from  0, 6, 12,  and  18  UTC  were  composited  for  the  entire  month  of  July, 
1994.  Note  the  trend  towards  more  clouds  in  the  lowest  layer  (on  right),  which  is  typical  of 
boundary  layer  convective  clouds.  Also  note  the  marked  gradient  in  cloud  cover  from  the 
southwest  to  northeast,  and  over  land  versus  water.  This  is  a  reflection  of  topographically  forced 
cloudiness  over  the  mountains  in  the  northeast. 


Figure  3.  Examples  of  frequency  of  occurrence  of  cloud,  when  cloud  is  present  at  any  CLVL 
layer,  in  the  two  lowest  layers  (1.5-3.0  km  on  the  left  and  sfc-1 .5  km  on  the  right)  for  July,  1994 
(composite  of  00,  06, 12,  and  1 8  UTC)  over  Italy  and  Former  Yugoslavia.  Grey  shades  indicate 
the  frequency  of  occurrence  of  cloud  from  0%  (black)  to  100%  (white)  in  each  layer. 


The  same  type  of  analysis  shown  in  Figure  3  can  also  be  done  on  a  global  scale  with  the  CLVL 
database.  Figure  4  shows  the  frequency  of  occurrence  of  cloud  at  three  selected  layers  (ground  - 
1.5  km,  4.5  -  6  km,  >  9  km)  for  the  globe  for  July,  1994  at  00,  06,  12,  and  18  UTC.  Figure  4  is 
intended  to  show  the  utility  of  a  layered  cloud  climatology  and  is  not  meant  to  be  definitive. 
Longer  time  periods  would  need  to  be  analyzed  for  that,  but  essential  patterns  of  the  general 
circulation  are  apparent.  The  Intertropical  Convergence  Zone  is  clearly  defined  at  all  levels. 
There  is  more  cloudiness  close  to  the  surface,  but  the  decay  of  cloud  cover  with  height  does  not 
occur  at  the  same  rate  in  all  locations,  for  instance  the  central  Atlantic  versus  the  southern 
Atlantic  ocean.  Note  the  large  regions  essentially  devoid  of  mid-level  cloud  over  the  subtropics. 
Knowledge  of  whether  cloud  cover  is  likely  at  a  certain  altitude  in  a  region  and  whether  it  is  an 
advantage  or  disadvantage  could  be  useful  for  plaiming  or  avoiding  air  engagements  in  a  region. 
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Figure  4.  Global  view  of  3  CLVL  layers  shown  as  frequency  of  occurrence  of  cloud  within  a 
specific  layer,  when  cloud  is  present  in  any  layer,  for  July,  1994  (composite  of  00,  06,  12,  and  18 
UTC).  Grey  shades  indicate  the  frequency  of  occurrence  from  0%  (black)  to  100%  (white). 


6.  SUMMARY 

The  military  has  a  compelling  need  for  global  cloud  information.  An  ability  to  look  at  the  global 
vertical  occurrence  of  clouds  together  with  their  spatial  and  temporal  occurrence  is  required.  The 
global  layered  cloud  CLVL  demonstration  database  has  been  created  at  high  spatial  and  temporal 
resolution  to  address  these  problems.  A  number  of  satellite  and  conventional  weather  data 
sources  were  merged  together  in  a  unique  manner  to  create  this  database.  All  cloud  detection 
was  done  from  satellite  data  only,  a  distinction  between  CLVL  and  other  similar  products,  such 
as  the  RTNEPH.  The  database  created  for  this  pilot  study  covers  one  month,  July  1994,  out  of 
the  larger  CHANCES  dataset. 

A  number  of  prototype  high-resolution  satellite  cloud  climatologies  have  been  presented.  By 
stratifying  results  by  cloud  altitude  and  occurrence  of  layers,  important  new  militarily  useful 
products  can  be  created.  The  new  views  of  cloud  structure  and  occurrence  hinted  at  in  the  CLVL 
database  will  provide  a  new  understanding  of  how  clouds  impact  the  battlespace,  and  provide  a 
tactical  advantage  to  those  who  use  this  knowledge  wisely. 
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THE  LATTICE  BOLTZMANN  METHOD:  A  NEW  APPROACH 
TO  RADIATIVE  TRANSFER  THROUGH  CLOUDS 


J.  B.  Mozer  and  T.  R.  Caudill 

USAF  Phillips  Laboratory  Geophysics  Directorate 
Hanscom  AFB,  Massachusetts  01731-3010,  USA 

1.  INTRODUCTION 

The  radiative  effects  of  clouds  on  operational  sensors  and  their  associated  impacts  on  systems  in  use  by  the  De¬ 
partment  of  Defense  (DoD)  are  generally  not  well  understood.  In  the  case  of  most  DoD  operations,  it  is  features  of 
clouds  at  relatively  small  spatial  scales  that  are  of  most  importance.  A  typical  infrared  seeker  on  a  guided  mxmition, 
for  example,  must  be  able  distinguish  targets  from  a  possible  cloudy  background  at  spatial  scales  that  are  equivalent 
to  individual  cumulus  cloud  elements.  In  this  regime,  the  inhomogeneous  three-dimensional  nature  of  cloud  fields  is 
significant  and  traditional  methods  of  treating  clouds  as  homogeneous  layers  in  radiometric  calculations  break  down. 

For  the  present  work,  we  investigate  the  modeling  of  cloud  radiative  effects  at  very  fine  scales  (e.g.,  tens  of  meters). 
At  these  spatial  scales,  the  plane  parallel  assumptions  often  invoked  by  large-scale  treatments  of  clouds  are  not  valid 
and  the  full  3D  inhomogeneity  of  cloud  fields  must  be  considered. 

Radiative  transport  models  that  are  applicable  to  finite  clouds  at  cumulus  scales  are  not  widely  available.  Treatments 
of  this  problem  typically  involve  the  simulation  of  cloud  radiative  interactions  using  stochastic  Monte  Carlo  methods 
or  difiFusion-limit  approximations  to  the  full  radiative  transfer  equation.  Although  these  methods  are  somewhat 
successful  in  certain  applications,  they  each  have  certain  undesirable  attributes.  Monte  Carlo  methods,  for  example, 
are  inherently  noisy  and  require  a  large  number  of  photon  simulations  to  produce  useful  results.  To  compensate 
for  this,  Monte  Carlo  simulations  are  typically  run  in  reverse  sense  in  that  a  given  view  geometry  is  prescribed  and 
individual  photons  are  tracked  as  they  interact  with  the  cloud  media  backward  in  time. 

Recently,  a  new  tool  has  emerged  to  model  various  transport  phenomena  based  on  a  particle  method  using  discrete 
cellular  automata  techniques.  To  date,  the  primary  applications  of  this  method  are  related  to  the  field  of  computational 
fluid  dynamics.  These  so-called  lattice-gas  methods  simulate  a  complex  dynamical  system  by  constructing  a  microscale 
world  in  which  space,  time  and  velocity  are  discretized  and  fictitious  particles  interact  with  each  other  and  their 
environment.  In  the  macroscopic  limit,  these  particles  describe  the  time-dependent  solution  to  a  system  of  PDEs  (e.g. 
Navier  Stokes  fluid  flow)  without  constructing  any  finite-difference  (or  finite  element)  approximations  to  the  PDEs 
themselves.  Boon  (1991)  gives  a  review  of  lattice-gas  methods  for  computational  fluid  dynamics  applications. 

Prom  the  field  of  lattice-gases,  a  separate,  but  closely  related  method  has  emerged  in  which  the  modeling  of  particles 
occurs  at  a  scale  that  is  intermediate  between  the  microscale  of  the  individual  particles  and  the  macroscale  where  the 
modeled  physics  is  observed.  In  this  intermediate,  or  mesoscale,  one  describes  distributions  of  the  particles  rather  than 
the  particles  themselves.  This  technique  is  known  as  the  lattice  Boltzmann  method  (c.f.,  Sued,  1991  for  a  review). 
The  advantage  of  modeling  at  the  mesoscale  is  that  the  scale  of  the  problem  can  be  increased  and  the  noise  that  is 
due  to  the  underlying  assumptions  of  molecular  chaos  in  lattice-gas  methods  is  eliminated.  One  of  the  disadvantages 
of  this  approach,  however,  is  that  correlations  between  individual  particles  are  lost  due  to  the  fact  that  particles  are 
treated  as  ensembles. 

In  the  present  work,  we  have  adapted  the  lattice  Boltzmann  method  to  the  problem  of  three  dimensional  radiative 
transport  though  inhomogeneous  liquid  water  clouds.  This  is  a  novel  approach  to  the  problem  and  is  potentially 
a  powerful  tool  for  modeling  cloud  radiative  properties  at  the  scales  necessary  for  sensor  simulation.  It  has  several 
desirable  features  as  compared  to  other  particle-based  methods.  In  particular,  lattice  Boltzmann  methods  operate 
in  a  forward-in-time  mode  and  produce  results  which  are  independent  of  the  view  geometry.  Another  significant 
feature  of  the  method  is  that  the  algorithms  are  inherently  efficient  on  parallel  computer  architectures  due  to  the 
local  computation  involved. 

In  Section  2  we  describe  the  lattice  Boltzmann  method  in  detail  and  its  application  to  cloud  radiation.  Section  3 
presents  some  results  derived  from  the  method  using  idealized  simple  clouds  as  well  as  fully  3D  complex  cloud  geome- 


343 


tries.  These  results  are  compared  with  Monte  Carlo  simulations.  In  Section  4,  we  discuss  the  potential  application 
and  limitations  of  the  lattice  Boltzmann  method. 


2.  METHOD 


The  Boltzmann  equation  for  linear  photonic  transport  can  be  developed  by  considering  the  change,  dN^  in  time  dt 
of  the  number  of  photons  with  velocity  in  d^v  about  v  which  are  located  in  a  small  volume  V  with  surface  S  about 
the  point  r.  Then, 


dN  =  d^vdt 


Jv 


dt 


d'^r^ 


(1) 


where  ^(r,v,f)  is  the  expected  number  of  photons  in  cPr  about  r  with  velocities  in  d^v  about  v  at  time  t.  In  the 
time  interval  dt,  the  balance  condition  on  dN  is: 


dN  =  - 


+ 

+ 


net  number  flowing  out  of  5 
number  suffering  collisions 
number  scattered  into 
number  produced  by  sources  within  d^r 
number  removed  by  sinks  within  d^r. 


(2) 


A  Boltzmann  equation  can  be  developed  from  Eqs.  (1)  and  (2): 

B^(r,v,t)  =  9(r,v,^), 

where  the  Boltzmann  operator,  B,  is  defined  as, 

d  f 

B  =  —  +  V  •  V  +  va{v,  v)  “  /  t;'cr(v'  ->  v,  r)dv', 


(3) 

(4) 


where  cr(r,  v)  is  a  scattering  cross  section  and  g(r,  v)  represents  the  net  source  of  photons.  Classical  linear  transport 
theory  is  aimed  at  finding  solutions  to  Eq.  (3)  (c.f.  Case  and  Zweifel,  1967). 


In  the  lattice  Boltzmann  method,  we  wish  to  construct  a  form  of  the  Boltzmann  equation  analogous  to  Eq.  (3),  but 
where  space  and  time  (hence  velocity)  are  discrete.  To  accomplish  this,  we  define  a  set  of  lattice  vectors,  ei,  {i  =  l.*B), 
where  z  is  a  lattice  direction  index  and  B  is  the  total  number  of  directions  (velocities)  in  the  lattice.  Then,  the  lattice 
Boltzmann  equation  can  take  the  form. 


Afi-fl{T  +  AT,t  +  Ai)-fi{T,t)  =  -ili{T,t),  (5) 

where,  fi  represents  the  expected  number  of  photons  at  a  node  in  the  lattice  traveling  with  unit  speed  in  the  direction 
of  ei  and  fii  is  a  collision  operator  which  acts  to  redistribute  the  photons  traveling  in  each  of  the  lattice  directions 
at  each  lattice  node.  In  the  present  context,  this  collision  term  represents  the  physics  of  the  photon  transport  (e.g. 
scattering,  absorption  and  emission). 

The  lattice  Boltzmann  method  can  be  considered  as  two  distinct  steps-the  first  being  the  collision  operation 
described  by  Eq.  (5)  and  the  second  a  propagation  or  streaming  step.  In  streaming,  the  values  of  each  of  the  fi  at 
each  node  are  simply  moved  to  the  adjacent  lattice  node  pointed  to  by  the  associated  ei.  This  step  is  key  to  the 
scalability  of  the  lattice  Boltzmann  method  because  streaming  happens  synchronously.  In  other  words,  the  information 
contained  in  the  entire  set  of  photons  is  moved  at  once  everywhere  in  the  lattice.  This  is  in  contrast  to  Monte  Carlo 
methods  where  each  photon  moves  independently  of  the  others  due  to  the  independent  nature  of  each  photon. 

The  collision  term  may  take  any  number  of  forms;  however,  one  convenient  form  often  used  in  fluid  transport 
problems  is  a  single-time  relaxation  towards  equilibrium-e.g., 

^i  =  ^{fi-fn,  (6) 
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where  r  is  a  relaxation  parameter  and  /*  is  an  equilibrium  distribution  function  for  the  lattice  photons.  This  form 
of  the  collision  term  is  analogous  to  the  so-called  BGK  approximation  to  the  Boltzmann  equation  and  is  commonly 
known  as  the  lattice-BGK  equation. 


The  equilibrium  distribution  function,  /*,  is  difficult  to  determine  in  the  general  case  of  linear  transport.  However, 
in  the  present  case,  we  may  construct  /f  rather  simply  by  considering  the  “microphysics”  of  the  photon  interactions. 
For  simphcity,  consider  a  case  of  pure  isotropic  scattering  (i.e.  no  absorption  or  emission).  In  this  case,  the  equilibrium 
distribution  function  is  equal  in  all  lattice  directions  (i.e.,  fi  =  const).  The  only  relevant  constraint  is  that  energy  be 
conserved  during  the  collision.  This  is  equivalent  to: 

B 

^ni  =  0.  (7) 


This  condition  implies  that. 


ft=PlB. 


(8) 


It  is  apparent  from  the  form  of  the  collision  operator  Eq.  (6)  that  the  relaxation  parameter,  r,  governs  the  magnitude 
of  the  scattering  in  a  collision.  There  are  two  limiting  cases  involving  r  to  note.  For  r  =  1,  Eq.  (6)  reduces  to  f-  =  /*, 
where  f-  is  the  after-collision  value  of  fi.  This  represents  a  complete  scattering  of  all  of  the  incident  photons.  At  the 
limit  of  T  =  00,  we  have  fl  =  fi,  which  can  be  interpreted  as  pure  transmission  (no  scattering).  In  general,  r,  is  a 
measure  of  the  (scattering)  optical  depth  and  is  treated  as  a  spatially  varjdng  quantity. 


To  determine  the  relationship  between  optical  depth,  6,  we  consider  a  special  case  of  the  equilibrium  distribution 
function-specifically, 

Si  —  '^Si-  (9) 

In  this  case,  we  have  effectively  eliminated  the  contribution  of  scattered  photons  being  re-scattered  into  the  fi  direction. 
This  eliminates  the  effects  of  multiple  scattering  and  allows  a  direct  comparison  with  Beer’s  Law, 

I(x)  =  (10) 

where  I  is  radiometric  intensity  and  x  is  a  measure  of  distance. 


The  comparison  of  the  lattice  Boltzmann  radiative  transport  model  to  Beer’s  law  proceeds  by  considering  the  ratio 
/,'//»  for  a  single  collision  (or  equivalently  over  a  single  grid  space)  for  the  equilibrium  distribution  given  by  Eq.  (9). 
We  have  from  Eqs.(5,  6  and  9): 


i± 

fi 


(11) 


By  treating  the  fis  as  intensities,  we  have  by  comparison  to  Eq.(9), 


5  =  --In 


(12) 


Nonconservative  and  anisotropic  scattering  axe  treated  in  the  lattice  Boltzmann  method  via  a  simple  generalization 
of  the  equilibrium  distribution  function  Eq.  (8): 


f  _  T,j=iiijfj 

Z^j=l  SIJ 


(13) 


where  the  ^ij  represent  discrete  values  of  the  scattering  phase  function  for  the  angle  between  Cj  and  ej  and  c  is  chosen 
such  that. 
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c>  1  Emission 

c  =  1  Conservation 

0  <  c  <  1  Absorption 

(14) 


3.  RESULTS 

The  scattering  of  photons  gas  from  a  columnar  beam  of  light  entering  a  homogeneous  gas  was  shown  in  an  earlier 
work  (Mozer  and  Caudill,  1995).  For  this  case,  it  was  shown  that  the  results  of  the  LBRTE  method  agreed  well  with  a 
traditional  forward  Monte  Carlo  approach.  Here  we  extend  this  demonstration  to  include  a  inhomogeneous  scattering 
medium-specifically  a  simulated  cumulus  cloud. 

A  physics  and  fractal-based  cloud  model  (Cianciolo,  1996)  was  used  to  generate  a  field  of  cloud  liquid  water  content 
representative  of  a  cumulus  cloud.  Values  of  liquid  water  content  were  calculated  on  a  cubical  grid  with  2-km  sides 
and  2-m  spacing.  For  this  case,  the  optical  depth  across  a  volume  element  is  considered  proportional  to  the  liquid 
water  content  in  that  voxel. 

Figure  (1)  shows  the  results  of  a  preliminary  LBRTE  calculation  through  the  synthetic  cloud  field.  In  this  case, 
the  illumination  is  firom  the  top  of  the  cloud  field  (zenith  angle  zero)  and  no  diflFuse  sources  are  included.  The  figure 
shows  the  field  of  photons  exiting  the  computational  cube  at  each  visible  face.  Due  to  the  geometry  of  the  problem, 
all  of  the  photons  emitted  along  the  lateral  faces  of  the  cube  are  a  result  of  scattering  within  the  volume.  The  bottom 
face  represents  transmission  of  the  incident  flux  through  the  cloud  volume. 


Fig.  1.  Lattice  Boltzmann  radiative  transfer  calculation  through  a  field  of  liquid  water  content  representative  of  a  cumulus 
cloud.  The  illumination  is  firom  the  top.  The  images  formed  on  the  faces  of  the  cube  represent  the  photons  exiting  that  face. 
No  diffuse  sources  were  included  in  this  calculation. 
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3.1  Timing 


One  of  the  major  benefits  to  the  LBRTE  approach  is  its  eSiciency  on  a  parallel  computer  platform.  We  have 
calculated  the  CPU  times  required  to  perform  the  LBRTE  calculation  through  the  cumulus  cloud  shown  in  Fig.  (1) 
on  a  parallel  cluster  of  Pentium-based  workstations.  Figure  (2)  shows  in  inverse  of  the  execution  time  in  seconds 
versus  the  number  of  processors  used  in  the  calculation.  Also  shown  in  Fig.  (2)  axe  the  timing  results  for  a  forward 
Monte  Carlo  (MC)  code  which  tracked  2  x  10®  individual  photons. 

It  is  apparent  from  the  figure  that  the  LBRTE  methods  are  more  eflacient  that  than  the  MC  calculation  for  the  cases 
shown.  However,  the  MC  results  exhibit  a  nearly  perfect  linear  scalability  whereas  the  LBRTE  results  depart  from 
the  straight  fine  shown  in  the  figure.  By  itself,  this  fact  leads  to  the  conclusion  that  the  MC  method  would  be  more 
efiicient  when  many  more  processors  were  used.  However,  one  must  consider  the  level  of  noise  required  in  the  final 
result.  We  chose  to  run  the  MC  code  using  2  x  10®  photons  because  it  is  roughly  equivalent  to  the  number  of  sites  in 
the  LBRTE  lattice.  However,  the  images  produced  by  the  MC  method  (not  shown)  contain  a  large  amount  of  noise. 
In  order  to  suppress  this  noise,  more  photons  must  be  run  through  the  cloud.  This  leads  to  longer  execution  times. 
Therefore,  when  comparing  the  efihciency  of  the  LBRTE  and  MC  methods  for  a  given  problem,  one  must  specify  the 
maximmn  amount  of  noise  which  can  be  tolerated  in  the  result. 


0  2  4  6  8 


Processors 

Fig.  2.  Timing  results  for  calculation  shown  in  Fig.(l).  Squares  represent  results  for  LBRTE  calculation.  IHangles  are  for  a 
Monte  Carlo  calculation  involving  2  x  10®  photons.  The  solid  and  dashed  lines  represent  perfect  linear  scaling  for  each  method 
respectively 


4.  CONCLUSION 

The  Lattice  Boltzmann  Radiative  Transfer  Equation  (LBRTE)  method  seems  to  be  an  efficient  and  effective  method 
to  calculate  the  transport  of  monochromatic  radiation  through  a  non-homogeneous  medium.  Because  the  LBRTE 
method  performs  an  explicit  streaming  of  photons  in  a  discrete  lattice,  it  is  particularly  adept  at  solving  problems 
where  multiple  scattering  is  significant.  The  LBRTE  method  is  capable  of  producing  accurate  quantitative  results  for 
cases  of  isotropic  scattering  as  well  as  for  a  Rayleigh  phase  function.  Problems  involving  a  highly  peaked  scattering 
phase  require  many  lattice  directions  to  resolve  the  angular  streaming  which  reduces  the  eflSciency  of  the  LBRTE 
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method.  Although  this  is  a  severe  limitation  to  the  method,  it  is  expected  that  the  LBRTE  scheme  will  be  useful  for 
some  problems-such  as  the  scattering  of  microwave  radiation  by  atmospheric  clouds. 
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ABSTRACT 

Under  the  support  of  TRAC-WSMR  and  as  a  long-term  research  project,  coordinated  with  the  U.S. 
Army  TRADOC-lead  Target-Acquisition  Simulation  (ACQSIM)  program,  we  have  developed  a 
practical  model  for  computing  the  effects  on  target  contrast  of  artificial  illumination  sources  (flares)  in 
the  presence  of  aerosols  and  obscurants.  In  this  paper  we  describe  this  parametric  model  and  its  use  of 
multi-stream  radiative  transfer  equations  and  scaling  laws  to  provide  estimation  of  the  radiance  from 
obscurant  clouds  illuminated  by  point-source  flares.  The  model  is  based  on  the  detailed  numerical 
calculations  of  direct  and  terrain-reflected  radiance  for  the  unobscured  environment,  combined  with 
results  from  the  26-stream  Battlefield  Emission  and  Multiple  Scattering  (BEAMS)  radiative  transfer 
model  for  obscurant  multiple  scattering.  We  show  how  the  resulting  modeled  radiances  can  be  used  to 
compute  target^ackground  contrasts  and  effective  "sky-to-ground"  ratio  inputs  required  by  contrast 
propagation  models.  We  also  show  visualization  examples  that  illustrate  the  interesting  scenarios  that 
can  result  from  the  relative  positions  of  flare,  aerosol  cloud,  illuminated  target,  illuminated  terrain  and 
distant  dark  backgrounds. 


INTRODUCTION 

Sensor  performance  calculations  are  based  on 
knowing  the  signal  available  at  the  sensor  aperture. 
Target  acquisition  models  and  combat  simulations  thus 
must  treat  various  environmental  effects.  These  include 
atmospheric  propagation  loss,  available  natural  and  man¬ 
made  illumination,  atmospheric  effects  on  the  spatial  or 
angular  resolution  of  target  details,  and  the  effects  of 
scattered  radiance  on  reducing  target  to  background 
contrast. 

The  contrast  equation  used  in  models  and 
simulations  is  based  on  the  ratio  of  the  difference  in 
radiance  L  (W/m^/sr)  between  an  object  and  its 
background,  relative  to  that  of  the  background: 


where  C(0)  is  the  (dimensionless)  contrast  at  distance 
zero  from  the  object,  and  Lo(0)  is  the  radiance  (W/mVsr) 
from  the  object  at  range  zero.  Lb(0)  is  the  radiance  from 
the  background  as  it  appears  from  the  position  of  the 
object,  regardless  of  how  far  the  background  actually  is 
beyond  the  object. 

Over  a  path  of  distance  s  (m)  from  the  object  to 
the  sensor,  each  radiance  L(0)  experiences  a 
transmission  loss  (signal  loss)  and  an  accumulation  of  in- 
scattered  and  emitted  “path  radiance”  Lp  (usually  as  an 
unwanted  noise  from  the  sensor’s  point  of  view): 

L(s)  =  T(s).L(0)+L,(s) 

=  T(s).L(0)  +  [l-T{s)].L, 


L.(0) 


where  transmission  T(s)  is  usually  computed  internally  in 
the  simulation  from: 
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r(s)  =  exp(-*„,  s) 

=  exp  (-aj  c(s)rfs) 

where  kcxt  is  an  input  or  modeled  “volume  extinction 
coefficient”  (m‘*),  a  is  an  input  extinction  per  unit 
concentration  or  “mass  extinction  coefficient”  (mVg), 
and  c(s)  is  the  modeled  aerosol  concentration  (g/m^)  over 
the  path.  As  can  be  seen,  the  relationship  between  path 
radiance  Lp(s)  over  the  path  and  transmission  is: 

L,(s)=[l-T(s)].L,  (4) 


This  situation  is,  of  course,  more  complicated 
when  the  primary  illumination  source  is  a  flare  at  night, 
and  when  obscurants  such  as  smoke  and  dust  produce  the 
scattering.  Then  simple  estimates  no  longer  apply. 
However,  long,  detailed  modeling  runs  are  often 
impractical.  Some  combination  of  simplified  model  and 
interpolation  in  pre-computed  tables  is  required.  In  the 
following  sections  we  outline  some  of  the  results  of  a 
project  to  develop  such  a  capability  as  part  of  an  on¬ 
going  process  in  the  TRADOC  Target  Acquisition 
Simulation  (ACQSIM)  program  and  between  TRAC- 
WSMR  and  the  Army  Research  Laboratory  (ARL). 

AN  EARLIER  MODEL  -  COIL 


where  Ls  is  called  the  average  “limiting  path  radiance” 
over  the  path. 

Substituting  Eqs.  2  and  4  into  Eq.  1,  we  can 
easily  find  the  expression  for  contrast  change  over  the 
distance  s  (m)  that  is  found  in  most  target  acquisition  and 
sensor  performance  models: 


C(s)-- 


C(0) 


1  + 


vLb(0)y 


T(s)’ 


(5) 


The  ratio  of  limiting  path  radiance  Ls  to  zero-range 
background  radiance  Lb(0)  is  the  (usually  input)  “sky-to- 
ground  ratio”  Sg: 


S,=L,/Lj(0) 


(6) 


The  effects  on  contrast  of  an  object  against  a 
background  not  only  varies  with  the  flare  illumination 
dependence  on  range,  but  also  on  the  scattering  and 
attenuation  effects  of  the  atmosphere  from  flare  to  object 
(and  background)  and  from  object  (and  background)  to 
the  sensor.  In  1975  ARPA  funded  a  model  through 
General  Research  Corporation  called  the  Combat 
Illumination  (COIL)  model  (Stathacopoulos,  1975).  The 
COIL  documentation  shows  that  it  was  meant  to  treat  the 
basic  problem  of  flare  geometry,  terrain  reflectance,  and 
simple  attenuation  and  scattering  from  a  uniform 
atmosphere.  The  methods  were  rather  crude  in  that 
radiance  reaching  an  object  was  estimated  by  sampling 
along  only  20  rays,  including  that  from  the  flare,  and 
most  reflectance  and  scattering  (even  from  terrain)  was 
considered  as  isotropic  into  a  sphere  or  hemisphere.  The 
COIL  computer  code  is  apparently  no  longer  available, 
however,  and  thus  the  present  project  was  begun. 


The  origins  of  the  Sg  inputs  to  models  and 
simulations  can  be  observations,  models  or  simply  “ad- 
hoc”  values  for  scenarios.  Observations,  which  are  valid 
for  near  horizontal  lines  of  sight,  use  the  ratio  of  the  sky 
radiance  Ls  just  above  the  horizon  to  the  background 
radiance  Lb(0)  observed  from  the  target  location.  These 
properly  account  for  sun  position  and  “sun  at  back” 
versus  “sun  in  eyes”  differences  in  contrast.  However, 
they  are  usually  meaningless  at  night  except  under 
moonlit  conditions.  Then  the  ratios  of  radiance  from 
scattering  by  the  atmosphere  (Lg)  to  reflection  from 
terrain  (L5)  scale  about  the  same  regardless  of  whether 
the  sun  or  the  moon  is  the  illumination  source.  Models 
can  also  be  effective  for  daytime  and  moonlit  conditions 
to  treat  non-horizontal  lines  of  sight.  However,  it  is  still 
very  common  to  see  the  use  of  “typical  scenario”  Sg  as 
input  constants.  Daylight  values  for  Sg  are  3  to  5  for 
objects  viewed  against  terrain,  one  for  an  object  viewed 
against  the  horizon  sky,  and  6  to  9  when  viewing  near  the 
sun  and  into  the  glare  of  sunlight  through  haze. 


BLACK  SKY  BACKGROUNDS 

What  value  of  Sg  should  be  used  for  night-time 
contrast  under  natural  illumination  and  under  flare 
illumination?  Determining  this  value  is  a  major  goal  of 
the  present  effort. 

One  problem  is  that  for  a  black  background  sky 
or  distant  non-illuminated  terrain,  then  Lb(0)  is  zero. 
Thus,  the  required  input  Sg  ratio  Lj/Lb  is  infinite  [as  is 
the  zero  range  contrast  C(0)]. 

One  solution  is  to  allow  the  user  to  continue  to 
choose  any  finite  value  of  C(0),  and  then  to  specify  an 
accurate  illuminated  object  radiance  Lo(0).  Then  the 
physically-consistent  value  for  Sg  should  be: 

S,=L,-[l+C(0)]/L„(0)  (7) 
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Or  we  can  assume  that  the  background  radiance 
at  the  sensor  is  never  less  than  the  limiting  sensor  noise 
value.  Thus  if  Lb(0)  is  arbitrarily  chosen  as  this  lower 
limit  (say  a  micro-watt/m^/sr),  then  Eqs.  1  and  5  can 
consistently  be  used  for  contrast  C(0)  and  Sg.  Before 
considering  the  effects  of  obscurants,  however,  we  must 
first  treat  modeling  of  flare-illuminated  object  and 
background  radiances. 

DIRECT  FLARE  RADIANCE 

As  shovm  in  Fig.  1,  we  treat  a  single  flare  as  a 
point  source  of  radiant  power  (also  known  as  the  radiant 
flux)  Ps‘  (watts  W)  at  a  height  hg  (m)  above  the  terrain. 
Define  any  surface  directly  illuminated  by  the  flare  at  a 
height  hf‘  (m)  above  the  terrain  and  at  a  ground  surface 
range  Rf‘  (m)  from  the  ground  point  directly  below  the 
flare.  (The  use  of  “primes”  on  the  various  quantities  will 
be  made  clear  shortly,  when  we  reintroduce  them  as 
scaled  parameters.)  The  surface  orientation  is  defined  by 
a  surface  normal  vector  that  makes  an  angle  0  with  the 
vector  from  the  surface  to  the  flare.  The  surface  can  be 
any  terrain  element  or  an  object  facet.  We  assume  for 
this  paper  that  the  flare  emits  power  equally  in  all 
directions  (4n  steradians  sr).  Thus,  the  radiant  intensity 
Is‘  (W/sr)  of  the  flare  is: 


nice  discussion  of  the  ANSI  definitions  of  radiometric 
and  photometric  units  is  given  in  the  appendix  of 
Ashdown  (1994).  The  surface  irradiance  Ef‘  (W/m^) 
depends  on  the  surface’s  distance  to  the  flare  and  on  the 
cosine  of  the  angle  between  the  surface  normal  and  the 
ray  ft-om  the  surface  to  the  flare.  In  terms  of  the  surface- 
normal  direction  cosines  |if  ,  i.e.  (oCf,  pf,  yf)  and  the 
direction  cosines  of  the  ray  from  the  surface  field  point 
to  the  flare  i.e.  (oCg ,  pg,  y^): 

PM  1000  (tl.on,) 

loooj 

where  components  are  defined  in  terms  of  source  and 
field  point  coordinates  (x^’,  y/,  z^’)  and  (Xf’,  y/,  Zf’): 

=a,  a,+3.  p,+T,  y,  (lo) 


i;=P.V(4n)  (8) 

We  will  use  ANSI  (1986)  radiometric  units  (W, 
W/sr,  W/m^  and  W/m^/sr)  in  favor  of  photometric  units 
in  this  paper.  Corresponding  photometric  units  (lumens, 
candelas,  lux,  and  cd/m^)  require  band-integration  over 
the  photopic  or  scotopic  spectral  responses  of  the  eye.  A 


In  the  above,  x,  y,  z,  hf  and  Rf  are  “scaled 
distances”  (each  dimensionless)  in  terms  of  the  source 
height.  Distances  are  thus  now  expressed  simply  as  the 
number  of  “flare  heights”  or  “hg  units”  as: 


Figure  1.  Flare-Dluminated  Surfaces 
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Flare  Height  hs  =  1  *'hs  xmit' *  •  Terram  Irradiance  and 
Radiance  &  Cumulative  Irradiance  on  Horizontal  Terrain 


Flare  Height  hs  =  1  "hs  unit"  -  Terrain  Irradiance  and 
Radiance  &  Cumulative  Iiradiance  on  Horizontal  Terrain 


Ground  Range  ( in  "hs"  fiare*height  units ) 


Figure  2.  Relative  Terrain  Surface  Irradiance 
x'  =  x  h,,  y'  =  y  h,,  z'  =  z  hg  (14) 
hf=hf  hs,  RJ=Rf  hs  (15) 


while  the  “scaled  irradiance”  Ef  (dimensionless)  in  terms 
of  a  1000  W  source  and  “hs  units”  is: 


E/  _  S  T7 

f  —  ^ 

1000  h? 


and  where  the  study  now  concentrates  on  computing: 


10Q0(ti,oHf) 
471  (1  +  R,^) 


(17) 


The  advantage  of  using  these  scaling  methods 
is  that  we  then  need  only  compute  the  problem  for  a 
single  flare  power  (i.e.  10(X)  W)  and  a  “unit  flare  height” 
(i.e.,  hs  =  1).  Now  if  the  irradiated  surface  is  Lambertian 
with  reflectance  Af,  (dimensionless  from  0  to  1),  then  it 
diffusely  reflects  the  illumination,  producing  its  own 
scaled  radiance  (sf^)  in  all  directions: 

Lf  =  Af  -Ej  /tc  (18) 


Ground  Range  ( in  "hs"  flare-height  units ) 

Figure  3.  Diffuse  Terrain  Irradiance  and  Radiance 


Flare  Height  hs  =  1  "hs  unit"  -  Radiance  from  Upward 
Here  Surface  from  Direct  Flare-to-Surface  fllummation 


Ground  Range  ( in  "hs"  flare-height  units ) 


Figure  4.  Horizontal  Surface  radiance  -  Direct 

(albedo)  of  one.  The  horizontal  axis  is  the  scaled  ground 
distance  Rf  from  the  flare.  It  can  be  seen  that  the  surface 
irradiances  and  reflected  radiances  fall  to  35%,  9%  and 
3%  of  the  maximum  at  radii  of  just  one,  two  and  three 
flare  heights  respectively.  However,  even  at  a  ground 
distance  of  five  flare  heights,  where  the  relative 
irradiance  and  radiance  are  reduced  to  0.1%  of  the 
maximtim,  only  80%  of  all  the  downward  flare  radiant 
power  has  illuminated  the  surface.  The  remaining  20% 
of  the  total  downward  radiated  power  is  spread  over  the 
rest  of  the  very  large  surrounding  area. 


and  correspondingly,  the  actual  radiance  (W/mVsr): 

Lf  =  Af  -Ef  /tc  (19) 

Figure  2  plots  the  computed  relative  values  of 
Ef  (and,  in  fact,  the  direct  radiance  contribution  to  Lf)  for 
the  horizontal  terrain  surface  and  a  terrain  reflectance 


Figure  3  shows  the  actual  (scaled)  irradiance  Eb 
and  radiance  Lb  for  the  terrain  (using  subscript  “b”  for 
“background”)  in  W/(hs^)/sr  for  the  1000  W  reference 
source  and  a  ground  albedo  of  one.  Figure  4  shows  the 
reflected  radiance  due  to  direct  radiance  from  the  flare 
for  any  other  upward-facing  horizontal  object  surface  at 
scaled  height  ho  with  scaled  ground  range  in  hg  units. 
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Hare  Height  hs  =  1  "hs  unit"  “  Radiance  from  Vertical 
Surface  from  Direct  ( Flare -to-Surface)  Illumination 


Figure  5.  Vertical  Surface  Radiance  -  from  Direct 


Flare  Height  hs  =  1  "hs  unit"  -  Radiance  from  Vertical 
Surface  Facing  Source  from  Diffuse  Terrain  Illumination 


.S 


CO 

a: 


2.  4.  6.  8. 

Ground  Range  ( in  "hs"  flare-height  units ) 


Figure  6.  Vertical  Surface  Radiance  -Diffuse 


Figure  5  shows  the  reflected  radiance  due  to 
direct  flare  illumination  for  any  vertical  surface  that  is 
rotated  around  the  z-axis  to  face  the  flare.  Note  that  as  a 
horizontal  surface  (Fig.  4)  is  raised  to  about  half  the  flare 
height  there  is  little  change  in  reflected  radiance. 
However,  vertical  surface  radiance  (Fig.  5)  shows  strong 
dependence  on  height  above  the  terrain  (especially  out  to 
two  or  three  flare-height  radii)  due  to  the  dot  product  of 
the  illumination  ray  with  the  surface  normal. 

DIFFUSE  RADIANCE 


Direct  illumination  from  the  flare  (if  any)  is  the 
dominant  source  of  reflected  radiance  from  surfaces  such 
as  targets  above  the  terrain.  However,  the  diffuse 
irradiance  from  the  terrain  itself  can  also  be  an  important 
factor.  To  compute  this  contribution  one  must  integrate 
the  incident  radiance  Lb  from  all  terrain  surface  elements 
in  the  relevant  directions  and  at  all  ranges: 


E 


0 


J 


(Hoti.)Yb  Lb(x.y) 

(x-x„)^  +  (y-y„f +h* 


dxdy 


(20) 


where  (Xq,  yo,  ho)  are  the  coordinates  of  the  diffusely 
illuminated  “object  surface”,  |io  is  the  object  surface 
normal  dotted  with  the  direction  cosines  of  the  ray  from 
the  object  to  the  terrain  element  “dx  dy”  at  position  (x,  y, 
z),  and  Yb  is  the  z-component  direction  cosine  of  the  ray 
with  respect  to  the  normal  to  the  terrain  element.  The 
corresponding  radiance  from  the  object  surface  is: 

Lo  =  AoE„/jt  (21) 

Because  of  the  complexity  of  the  above 
integral,  data  have  been  numerically  computed  for  object 


Flare  Height  hs  =  1  "hs  unit"  -  Radiance,  Vertical  Sfc 
Rotated  90  deg  to  Src  from  Difihise  Terrain  Humination 


Figure  7.  Vertical  Surface  RadOlance  -  Diffuse 


surfaces  at  various  orientations.  A  few  are  shown  in  the 
following  figures.  Figure  6  shows  the  radiance 
contribution  originating  from  diffuse  terrain  radiance  and 
reflected  from  any  vertical  object  surface  rotated  about 
the  vertical  axis  to  face  the  flare.  Figure  7  is  similar,  but 
for  the  vertical  object  surface  rotated  at  right  angles  to 
the  flare  (i.e.,  edge-on).  Figure  8  is  for  the  vertical 
object  surface  rotated  to  face  away  from  the  flare. 
Figure  9  shows  the  contribution  of  terrain  diffuse 
radiance  on  the  reflected  radiance  from  any  downward 
facing  horizontal  surface. 

Although  there  are  considerable  differences  in 
the  diffuse  terrain  radiance  contributions  seen  in  these 
figures,  these  differences  are  mostly  at  the  large  object 
heights  (0.5,  1.0  and  2.0  flare-heights)  and  at  small 
distances  from  the  flare.  It  is  interesting  that  at  large 
radial  distances,  the  object  surface  radiances  are  fairly 
comparable,  regardless  of  object  orientation,  and  the 
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Flare  Height  hs  =  1  "hs  unit"  •  Radiance,  Vertical  Sfc 
Facing  Away  from  Src  from  Diffuse  Terrain  Illumination 


Figure  8.  Vertical  Surface  Radiance  •*  Diffuse 
direct  radiance  contributions  are  not  appreciably  larger 
than  the  diffuse  contributions.  At  small  radial  distances 
of  a  few  flare  heights  the  direct  illumination  dominates, 
of  course,  especially  as  the  object  height  is  raised  above 
the  terrain.  And,  since  the  computations  are  for  terrain 
and  object  surface  albedos  of  one,  we  must  also  note  that 
the  direct-radiance  contribution  will  scale  as  Ao  (object 
albedo),  while  the  diffuse  contribution  will  scale  as 
Ao*Ab  (object  albedo  times  terrain  albedo). 

In  the  current  modeling  study  we  actually 
compute  and  store  the  diffuse  radiance  for  several  more 
surface  orientations.  These  tables  are  used  to  interpolate 
to  any  general  orientation.  The  contributions  of  direct 
radiance  are  easily  computed  on  the  fly  using  the  direct 
radiance  equations  of  the  earlier  section. 

CLOUD  TRANSMISSION  AND  RADIANCE 

Having  defined  all  the  quantities  required  for 
flare  illumination  of  backgrounds  CU)  and  objects  (Lo)  in 
an  unobscured  environment,  we  can  compute  the  contrast 
C  at  any  point.  However,  we  now  turn  to  modeling  the 
transmittance  T  and  the  limiting  path  radiance  Ls 
numerator  in  the  Sg  term. 

Models  for  smoke  and  dust  transmittance 
(Ayres,  1993)  are  available  from  the  Electro-Optical 
Systems  Atmospheric  Effects  Library  (EOSAEL,  1987). 
The  Battlefield  Emission  and  Multiple  scattering 
(BEAMS)  Model  (Hoock,  et.  al.  1993,  1994,  1995; 
O’Brien,  1993)  computes  the  radiance  through  smoke 
and  dust  clouds.  In  the  present  project  we  used  BEAMS 
to  compute  Ls  for  the  scattering  from  uniform  cloud 
blocks  48  m  long,  32  m  wide  and  16  m  high  of  fog  oil, 
phosphorus  and  dust.  Optical  depths  of  the  clouds  were 
varied  from  0.25  to  64  across  the  cloud  width.  A  1000 


Flare  Height  hs  =  1  "hs  unit"  -  Radiance,  Down-looking 
Horizontal  Surface  -  from  Diffuse  Terrain  Illumination 


Figure  9.  Horizontal  Surface  Radiance  -  DiHiise 


Flare  100m  Above  Cloud 


Figure  10.  Cloud  Ls  Radiance  from  Sides 

W  flare  was  placed  at  four  different  locations  in  separate 
runs:  directly  above  the  cloud  center  at  116  m,  24m  and 
8  m  above  ground  level;  and  for  an  off-axis  location  62 
m  above  the  surface  and  93.5  m  in  ground  distance  from 
the  cloud  center.  The  entire  set  of  60  runs  were  repeated 
for  terrain  albedos  of  zero  (no  terrain)  and  0.5. 

The  analyzed  radiances  are  being  stored  as 
tables  and  parametric  curves.  Figure  10  is  an  example  of 
Ls  exiting  the  side  of  a  fog  oil  cloud  with  the  flare  116  m 
above  the  terrain  (100m  above  the  top  center  of  the 
cloud).  Figures  11  and  12  show  Ls  values  for  radiance 
from  the  bottom  and  from  the  top  of  the  cloud 
respectively.  Note  that  radiance  from  the  side  of  the 
cloud  varies  with  height  of  the  exit  point  for  optically 
thick  smoke.  This  quantifies  the  darkening  near  the 
bottom  due  to  obscuration  as  radiant  power  is  lost  from 
the  side  of  the  cloud.  The  radiance  exiting  the  bottom  of 
the  cloud  shows  only  a  small  dependence  on  terrain 
albedo.  The  difference  is  due  to  diffusely  reflected 
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Flare  100m  Above  Cloud 
Ls*  from  Bottom  of  Cloud 


Flare  100m  Above  Cloud 
Ls*  from  Top  of  Cloud 


Optical  Depth  (r) 

Figure  11.  Cloud  Ls  Radiance  from  Bottom 

terrain  radiance  back-scattered  from  the  cloud.  The 
large  variation  with  albedo  for  radiance  exiting  the  top  of 
the  cloud  is  due  to  the  reflected  terrain  radiance  that  is 
only  partly  obscured  at  small  optical  depths. 

Examples  of  cloud  appearance  are  shown  in 
Figs.  13  through  17.  Figure  13  is  the  uniform 
rectangular  fog  oil  cloud  used  to  generate  the  tables  and 
parametric  curves  for  Ls  in  the  study.  (The  ringed 
appearance  is  due  to  gray-level  quantization  in  the 
figures  in  this  paper.)  Figure  14  shows  a  non-uniform 
fog  oil  cloud  with  optical  depth  of  one  across  the  32  m 
width  (top)  and  Optical  Depth  (OD)  of  four  (bottom). 
The  flare  is  at  1 16  m  altitude  directly  above  the  cloud. 

Figure  15  shows  the  flare  at  30  deg  elevation 
and  108  m  range  from  the  cloud.  Cloud  width  OD’s  are 
one  (bottom)  and  four  (top).  Figures  16  and  17  show  the 
case  of  the  flare  just  8  m  above  the  cloud  surface  for 
OD’s  of  one  and  four  respectively. 

Current  efforts  are  to  better  account  in  the 
parameterized  data  for  the  cloud  shadow  regions  which 
alter  the  diffuse  radiance  as  well  as  direct  radiance. 


Figure  14.  Flare  at  ( 0  m,  0  m,  116  m)  on  Fog  Oil. 
Top  Optical  Depth  =  1,  Bottom  OD  =  4. 


Optical  Depth  (t) 

Figure  12.  Cloud  Ls  Radiance  from  Top 


Figure  13.  Bluminated  Uniform  Fog  Oil  Cloud 


Figure  15.  Flare  at  ( 0  m,  93.5m,  62m)  on  Fog  Oil.  Top 
Optical  Depth  =  4,  Bottom  OD  =  1. 


Figure  16.  Illumination  for  Flare  8  m  Above  Fog  Oil 
Cloud  of  Optical  depth  =  1 


A  CONTRAST  EXAMPLE 

Figure  18  shows  an  example  of  the  changes  in 
contrast  under  a  flare  with  and  without  a  smoke  cloud. 
The  scenario  is  that  of  a  vertical-surface  (object)  moving 
toward  an  observer  whose  line  of  sight  is  a  constant  1 
deg  elevation  above  the  terrain.  The  object  begins  at  a 
ground  range  9  flare  heights  beyond  the  flare  (point  “18” 
on  the  horizontal  axis),  moves  toward  the  observer  and 
passes  beneath  the  flare  (point  “9”  on  the  axis)  and 
finally  ceases  movement  at  a  ground  range  of  9  “flare 
heights”  on  the  observer  side  of  the  flare  (point  “0”). 

Contrast  varies  from  minus  one  (a  black  object 
against  a  bright  background)  through  zero  (no  contrast 
between  the  object  and  background)  and  to  positive 
infinity  (bright  object  against  a  black  background).  In 
order  to  plot  this  range  on  a  log  scale,  we  have  added  a 
constant  value  of  one  to  all  contrasts  displayed  on  the 
vertical  axis  of  the  plot.  Thus,  any  value  of  (1+C)  less 
than  one  is  a  negative  (dark  object  on  light  background) 
contrast.  Any  value  of  (1+C)  greater  than  one  is  a 
positive  (light  object  on  a  dark  background)  contrast: 

logjo[l+C(s)]  = 

( 22  ) 

logic  [  L„(s)]-logio[  Lb  (s)] 

The  example  is  for  a  1000  W  flare  at  116  m 
above  the  surface.  The  object  is  2.3  m  above  the  terrain. 
Both  the  object  and  terrain  have  albedos  of  0.5.  The 
solid  line  shows  that  even  though  the  reflectances  are 


Figure  17.  Illumination  for  Flare  8  m  Above  Fog  Oil 
Cloud  of  Optical  depth  =  4 

equal,  the  different  distances  of  the  object  and  the 
background  from  the  observer  generates  a  significant 
contrast.  It  is  approximately  12  at  the  most  distant  point. 
The  contrast  falls  slowly  to  about  half  the  initial  value  at 
2  flare-heights  beyond  the  flare.  It  then  falls  to  0.35 
contrast  (or  1.35  on  the  vertical  axis)  as  it  passes  below 
the  flare  (9  on  the  horizontal  axis).  At  Ais  point  the 
object  is  illuminated  only  by  diffuse  terrain  radiance 
from  the  observer  side  of  the  flare.  The  contrast  then 
goes  negative  (less  than  one  on  the  vertical  axis)  at  about 
0.15  flare  heights  on  the  observer  side  of  the  flare.  As 
the  object  proceeds  toward  the  zero  point  on  the 
horizontal  axis,  the  contrast  falls  to  about  -0.89  at  2  flare 
heights  on  the  observer  side  (7  on  the  horizontal  axis). 
Actually  at  this  point  the  object  attains  its  ‘l^est”  negative 
contrast.  As  it  continues  to  move  toward  the  observer, 
the  contrast  again  rises  to  a  final  value  of  -0.66  (at  0  on 
the  horizontal  axis). 

Now  consider  the  dashed  line.  This  plot  of 
“contrast+1”  shows  the  immediate  effect  of  smoke 
obscuration  that  extends  from  about  7  source  heights 
beyond  the  cloud  (16  on  the  horizontal  axis)  to  about  1.5 
source  heights  on  the  observer  side  (7.5  on  the  horizontal 
axis).  The  smoke  cloud  is  16  m  high  and  has  an  optical 
depth  of  one.  It  intercepts  the  line  of  sight  over  this 
range.  Interestingly,  while  the  contrast  falls  as  the  object 
approaches  the  flare  in  the  “clear  air”  case,  it  actually 
rises  slightly  in  the  presence  of  the  smoke.  In  part  this  is 
because  the  cloud  itself  is  a  source  of  radiance  that 
illuminates  the  object  more  than  the  distant  background 
point.  The  fluctuating  behavior  as  the  object  approaches 
the  cloud  is  due  in  part  to  the  shadow  of  the  cloud,  the 
obscuration  of  the  diffuse  terrain  on  the  far  side  of  the 
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Observer  at  1  deg  Elevation  -  Flare  Height  =  116  m, 
Object  Height  2.3  m,  Terrain  and  Object  Albedo  0.50 


Ground  Range  from  Flare 


Figure  18.  Example  of  Object  Contrast  Under  Flare  and  Smoke 


cloud,  and  the  changing  path  length  of  obscurant  in  front 
of  the  object  as  it  passes  through  and  out  of  the  cloud. 
The  background  “lags  behind”  the  object  in  its  passage 
through  die  cloud.  Thus,  for  a  short  distance  the 
background  is  obscured  while  the  object  is  not  obscured. 
By  the  point  where  both  the  object  and  background  are 
not  influenced  significandy  by  the  cloud  (at  about  2 
source  heights  on  the  observer  side  of  the  cloud)  the 
contrast  again  attains  the  clear  air  value. 

Of  course,  the  behavior  under  any  other  set  of 
circumstances  can  be  different.  The  effects  are  highly 
dependent  on  geometry.  We  should  also  note  that  the 
treatment  of  the  shadow  area  around  the  flare  is  still 
being  finalized.  Thus,  details  of  variations  near  the 
smoke  should  be  considered  with  caution. 


the  primary  illumination  is  artificial.  We  have  oudined 
here  a  project  to  develop  a  practical,  parameterized 
model  based  on  research  model  outputs.  liie  problem  of 
providing  input  contrast  and  sky-to-ground  ratios  to  the 
standard  contrast  algorithms  used  in  constructive 
simulations  is  made  much  more  complicated  by  the 
presence  of  aerosols.  And  rendering  of  scenes  in  real¬ 
time  virtual  simulations  with  sufficient  correlation  to  the 
effects  used  in  constructive  simulation  is  complicated 
primarily  by  the  need  to  properly  account  for  diffuse 
radiance  and  cloud  shadowing.  In  fact  the  proper 
parameterization  of  the  shadowing  effect  is  the  final 
aspect  in  the  current  project  that  was  still  being 
addressed  as  this  paper  was  submitted. 

ACKNOWLEDGMENTS 


CONCLUSIONS 

Radiometrically  correct  simulation  of  night¬ 
time  conditions  on  visual  systems  is  made  difficult  when 


We  vrish  to  acknowledge  the  support  of  TRAC- 
WSMR  in  this  project  and  the  efforts  of  the  TRAC-lead 
ACQSIM  group  for  coordinating  improvements  in  target 
acquisition  simulation. 


357 


REFERENCES 

ANSI/IES  (1986).  American  National 
Standard  Nomenclature  and  definitions  for  Illumination 
Engineering,  ANSI/IES  RP-16-1986,  Illumination 
Engineering  Society  of  North  America,  New  York. 

Ashdown,  Ian  (1994).  Radiosity,  A  Program¬ 
mer’s  Perspective,  John  Wiley  and  Sons,  New  York. 

Ayres,  Scarlett  and  DeSutter,  S.  (1993). 
EOSAEL  92:  Vol  14.  Combined  Obscuration  Model  for 
Battlefield-Induced  Contaminants  (COMBIC),  U.S. 
Army  Research  Laboratory  Report,  Adelphi,  MD. 

Hoock,  D.,  Giever,  J.  &  O'Brien,  S  (1993). 
Battlefield  Emission  and  Multiple  Scattering  (BEAMS), 
a  3-D  Inhomogeneous  Radiance  Transfer  Model, 
Proceedings  of  the  SPIE,  1967,  268-277.  Bellingham, 
WA:  SPIE  —  The  International  Society  for  Optical 
Engineering. 

Hoock,  D.  &  Giever,  J.  (1994).  Modeling 
Effects  of  Terrain  and  Illumination  on  Visibility  and  the 
Visualization  of  Haze  and  Aerosols,  Proceedings  of  the 
SPIE,  2223,  450-461.  Bellingham,  WA:  SPIE  -  The 
International  Society  for  Optical  Engineering. 


Hoock,  Donald,  O’Brien,  S.,  Giever,  J.  and 
McGee,  S.  (1995).  High  Fidelity  Modeling  of 
Obscurants  for  Virtual  and  Constructive  Simulations, 
Proceedings  of  the  1995  ITEA  Workshop  “Modeling 
and  Simulation:  Today  and  Tomorrow”,  White  Sands 
Missile  Range,  NM. 

O’Brien,  S.  (1993).  Comparison  of  the 
BEAMS  2.2  Radiative  Transfer  Algorithm  with  Other 
Radiative  Transfer  Methods,  Proceedings  of  the  1993 
Battlefield  Atmospherics  Conference,  U.S.  Army 
Research  Laboratory,  Battlefield  Environment 
Directorate,  White  Sands  Missile  Range,  NM,  421-435. 

Shirkey,  Richard,  Duncan,  L.  and  Niles,  F. 
(1987).  Executive  Summary,  EOSAEL  87,  Vol  1,  ASL- 
TR-0221-1,  U.S.  Army  Research  Lab,  Adelphi,  MD. 

Strathacopoulos,  A.,  Gilmore  H.,  Czipott  A., 
Gordon,  C.  and  Rohringer,  G.  (1975).  Combat 
Illumination  Model  (COIL),  GRC  Contractor  Report 
CR-2-548,  (DTIC  ADB006610),  General  Research 
Corp.,  Santa  Barbara,  CA. 


358 


DOD  AIR  AND  SPACE  NATURAL  ENVIRONMENT 
MODELING  AND  SIMULATION 

Gary  McWilliams 

Executive  Agent  for  Air  and  Space  Natural  Environment 
Air  Force  Combat  Climatology  Center  (AWS) 
Modeling  and  Simulation  Division 
Scott  Air  Force  Base,  IL  62225-5116 
Ph:  (618)256-3902  Fax:  (618)256-3964 
mcwillig@thunder.safb.af.mil 


ABSTRACT 

This  paper  discusses  the  role,  responsibilities,  organizational  structure,  current  programs, 
and  future  plans  of  the  Modeling  and  Simulation  Executive  Agent  for  Air  and  Space 
Natural  Environment.  This  DoD  level  organization  has  been  formed  to  foster 
interoperability  and  reuse  of  air  and  space  natural  environment  models  being  developed 
for  joint  simulation  programs,  to  ensure  that  there  is  no  unnecessary  duplication  of  effort 
in  model  development,  to  design  and  implement  a  process  by  which  model  and 
simulation  developers  and  users  can  acquire  data  from  a  range  of  data  providers,  and  to 
establish  a  center  of  excellence  that  facilitates  the  integration  of  the  best  available 
technology  into  DoD  air  and  space  models  and  simulations. 

The  Commander  of  Air  Force  Combat  Climatology  Center  has  been  designated  by  the 
Secretary  of  the  Air  Force  as  the  Modeling  and  Simulation  Executive  Agent  for  the 
Natural  Environment.  The  Commander  is  provided  operational  support  from  the 
Modeling  and  Simulation  Division  of  the  Air  Force  Combat  Climatology  Center.  This 
division  is  staffed  by  personnel  from  the  Air  Force,  Army,  and  Navy  in  order  to  better 
coordinate  the  Tri-Service  responsibilities  of  the  Modeling  and  Simulation  Executive 
Agent. 

The  Modeling  and  Simulation  Executive  Agent  for  Air  and  Space  Natural  Environment 
already  has  several  projects  underway  for  assessing  customer  requirements,  defining  data 
standards,  improving  data  accessibility,  identifying  current  technology  capabilities,  and 
addressing  future  technology  shortfalls.  Efforts  of  this  organization  are  closely 
coordinated  with  efforts  of  the  Terrain  and  Ocean  Executive  Agents  to  ensure  a  seamless 
environmental  representation  in  simulation. 

1.  INTRODUCTION 

The  Modeling  and  Simulation  Executive  Agent  (MSEA)  for  Air  and  Space 
Natural  Environment  (A&SNE)  is  one  of  three  executive  agents  vested  with  oversight 
authority  and  responsibility  for  DoD  modeling  and  simulation  of  the  natural  environment. 
The  other  two  executive  agents  encompassing  the  natural  environment  are  for  Ocean  and 
Terrain.  These  executive  agents  serve  as  the  DoD  components  to  whom  the  Under 
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Secretary  of  Defense  has  assigned  responsibility  and  delegated  authority  for  the 
development  and  maintenance  of  the  modeling  and  simulation  for  the  natural 
environment,  including  relevant  standards  and  databases,  used  by  or  common  to  many 
models  and  simulations  (DoD  Plan  5000.59).  Accordingly  some  of  the  primary 
responsibilities  of  the  executive  agents  are:  to  promote  interoperability  and  reuse 
capability  for  models  and  algorithms;  to  eliminate  any  uimecessary  duplication  of  effort 
in  model  development;  and  to  establish  a  process  by  which  the  best  available  models  and 
data  are  readily  accessible  for  DoD  Modeling  and  Simulation  (M&S)  programs. 

The  air  and  space  domain  for  which  the  MSEA  is  responsible  includes  the 
atmospheric,  near-space,  and  interplanetary  environments.  It  extends  from  the  surface  of 
the  Earth,  through  the  troposphere,  stratosphere,  upper  atmosphere,  radiation  belts,  and 
inteiplanetary  medium,  to  the  surface  of  frie  Sun.  It  includes  the  effects  and  impacts 
caused  by  human  activities,  but  does  not  include  those  activities  or  objects  causing  the 
effects  or  impacts.  The  air  and  space  environment  affects,  and  is  affected  by,  the  oceans 
and  terrain  through  the  transfers  of  heat,  momentum,  and  moisture.  In  order  to  ensure 
these  effects  are  properly  represented,  the  activities  of  all  three  environmental  MSEAs  are 
closely  coordinated. 

The  Under  Secretary  of  Defense  for  Acquisition  and  Technology  (1996) 
designated  the  Department  of  the  Air  Force  as  the  MSEA  A&SNE.  Subsequently  the 
Secretary  of  the  Air  Force  delegated  this  authority  to  the  Commander  of  the  Air  Force 
Combat  Climatology  Center  (AFCCC)  located  at  Scott  Air  Force  Base,  Illinois.  The 
present  AFCCC  Commander  is  Col  Francis  Routhier. 

2.  ORGANIZATIONAL  STRUCTURE 

Col  Routhier,  as  the  Commander  of  AFCCC,  reports  to  the  Commander  of  the  Air 
Weather  Service  and  as  the  MSEA  for  A«&SNE,  reports  to  the  Director  of  the  Defense 
Modeling  and  Simulation  Office  (DMSO).  The  AFCCC  Commander  must  also  closely 
coordinate  with  the  Air  Force  Staff  responsible  for  Modeling,  Simulation  and  Analysis 
(XOC)  which,  starting  in  fiscal  year  1998,  will  be  providing  all  overhead  funding  for  the 
MSEA  functions.  The  AFCCC  Commander,  in  the  role  as  the  MSEA,  is  supported  by  the 
Modeling  and  Simulation  Division  of  AFCCC. 

This  division,  which  was  created  at  the  beginning  of  the  1996  fiscal  year,  consists 
of  the  following  three  branches:  Requirements  Analysis,  Technology  Integration,  and 
Standardization.  The  Requirements  Analysis  Branch  identifies  and  docmnents  DoD 
M&S  weather  requirements,  capabilities,  and  any  resulting  technology  shortfalls.  It  is  the 
responsibility  of  the  Technology  Integration  Branch  to  identify  technologies  for  solving 
shortfalls,  to  guide  DoD  short-term  and  long-term  efforts  for  technology  development  and 
implementation,  and  to  coordinate  M&S  weather  technical  support  to  all  DoD  M&S 
activities.  The  Standardization  Branch  develops  and  coordinates  standards  for  weather 
products  and  services  to  ensure  interoperability  with  DoD  M&S  systems,  and  guides  the 
DoD  verification  and  validation  of  weather  models,  modules,  algorithms,  and  data  used 
for  joint  M&S  applications.  The  other  two  divisions  of  AFCCC,  Systems  and 
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Operations,  also  have  expertise  which  the  AFCCC  Commander  draws  upon  as  required  to 
assist  with  MSEA  activities. 

The  Modeling  and  Simulation  Division  is  currently  staffed  by  five  government 
personnel,  four  military  and  one  civilian,  and  four  on-site  contractor  personnel.  All  three 
branches  of  the  Military  are  represented  in  the  Division  to  better  coordinate  Tri-Service 
M&S  activities.  Navy  Commander  Timothy  Cummings  serves  as  the  Division  Chief. 
The  Requirements  Analysis  and  Standardization  Branches  are  headed  by  Air  Force 
Captains  Anthony  Moninski  and  Bruce  Lambert,  respectively.  Air  Force  Major  Spencer 
Chapman  heads  the  Technology  Integration  Branch.  An  Army  civilian,  the  author  who  is 
on  loan  from  the  Army  Research  Laboratory’s  Battlefield  Environment  Division,  is 
assigned  to  the  Technology  Integration  Branch. 

3.  CONCEPT  OF  OPERATIONS 

The  Concept  of  Operations  (CONOPS)  is  described  in  detail  in  the  MSEA 
A&SNE  Execution  Plan  (DoD  MSEA  A&SNE,  1996).  The  CONOPS  is  focused  on  our 
customers  and  the  means  by  which  we  can  satisfy  our  customers’  requirements  with 
quality  products  and  services.  The  CONOPS  process  is  outlined  in  Figure  1. 


Feedback 

from 

Customer 

Transition 

Deliverables 

Execute 

Strategic 

Plan 

Identify 

Funding 

Figure  1.  Diagram  outlining  CONOPS  activities. 


The  two  main  components  of  the  CONOPS  are  planning  and  execution.  The  first  step  for 
planning  involves  identifying  customers.  The  customers  presently  identified  include 
four  major  joint  simulation  development  programs  and  one  joint  aircraft  development 
program  which  has  a  significant  simulation  effort  planned.  The  four  simulation 
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development  programs  are;  the  Joint  Warfighting  System  (JWARS)  -  to  be  used  for 
analysis,  the  Joint  Simulation  System  (JSIMS)  -  to  be  used  for  training,  the  Joint 
Modeling  and  Simulation  System  (JMASS)  -  to  be  used  for  engineering  and  acquisition, 
and  the  Synthetic  Theater  of  War  (STOW)  -  to  be  used  for  integrating  virtual  and 
constructive  simulations  from  geographically  distributed  locations  in  a  common  synthetic 
battlespace.  The  aircraft  development  effort  we  are  supporting  is  the  Joint  Strike  Fighter 
(JSF)  Program.  The  JSF  program  will  make  extensive  use  of  advanced  modeling  and 
simulation  techniques  in  all  phases  of  the  aircraft’s  development  and  acquisition. 
Additional  customers  will  be  added  as  resources  permit. 

Once  the  customer  has  been  identified,  planning  progresses  to  defining  their  air 
and  space  environmental  requirements  and  documenting  them  in  writing  as  well  as 
recording  them  in  a  relational  database.  This  relational  database  is  also  being  populated 
with  information  on  technical  capabilities  (both  existing  and  under  development)  which 
will  allow  mapping  between  requirements  and  capabilities.  The  requirements  and 
capabilities  analysis  will  be  conducted  on  a  recurring  basis. 

In  situations  where  a  capability  already  exists  for  a  specific  requirement,  the 
MSEA  will  assist  the  customer  in  obtaining  the  technology  and  ensuring  that  the 
capability  does  in  fact  satisfy  the  customer  requirement.  Any  requirement  which  is  not 
matched  to  a  suitable  capabihty  is  identified  as  a  shortfall.  A  strategy  and  prioritization  is 
subsequently  established  for  addressing  the  shortfall. 

The  execution  phase  begins  with  the  creation  or  leveraging  of  a  project  that  will 
address  the  shortfall.  Next  a  request  for  proposal  (RFP)  will  be  prepared  for  each  project 
and  interested  organizations  will  be  invited  to  submit  a  proposal.  These  proposals  will  be 
reviewed  by  the  MSEA .  The  proposal  selected  by  the  MSEA  then  will  be  recommended 
to  DMSO  for  funding.  Once  a  proposal  is  approved  by  DMSO,  the  selected 
organization  will  be  funded  to  complete  the  described  work.  Upon  completion  of  the 
project,  MSEA  will  be  responsible  for  transferring  the  technology  to  the  customer  and 
ensuring  the  customer  is  satisfied  with  the  product. 

The  CONOPS  is  a  continuous  process  and  customer  feedback  is  important 
throughout  the  process. 


4.  PROJECTS 

The  projects  supported  by  all  three  environmental  MSB  As  are  grouped  into  the 
following  five  program  focus  elements;  requirements  and  capabilities,  standards,  just-in- 
time  production,  dynamic  representation,  and  access  to  resources.  DMSO  has  requested 
that  all  three  MSEAs  group  their  projects  into  these  focus  areas  so  that  it  easier  to 
coordinate  the  projects  to  ensure  that  a  complete  and  seamless  representation  of  the 
environment  is  obtained.  The  MSEA  A&SNE  has  funded  projects  in  all  five  program 
elements  for  fiscal  year  1997. 
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4.1  Requirements  and  Capabilities 

This  program  element  includes  all  projects  that  are  primarily  responsible  for 
accumulating,  interpreting,  and  analyzing  M&S  developer  and  user  requirements  and  the 
capabilities  within  government,  industry,  and  academia  for  satisfying  those  requirements. 
The  MSEA  A&SNE  has  funded  three  projects  under  this  program  element. 

A  requirements  study  is  underway  as  a  continuing  effort  to  thoroughly  define  customer 
requirements.  Initial  results  of  this  effort  are  summarized  in  the  Air  and  Space  Natural 
Environment  Baseline  Requirements  Assessment  report  (ABACUS,  1996).  All  the 
gathered  information  will  be  stored  in  a  relational  database  that  will  be  accessible  over 
the  Internet.  This  work  is  being  performed  by  ABACUS  Corporation. 

A  parallel  capabilities  study  has  been  initiated  which  will  identify  and  describe 
technology  that  has  a  high  potential  for  satisfying  the  customer  requirements.  The 
information  gathered  here  will  be  summarized  in  a  written  report  and  recorded  in  the 
relational  database  containing  the  requirements  information.  A  Technical  Development 
and  Implementation  Plan  (TDff)  will  also  be  generated  as  part  of  this  study.  The  TDIP 
will  describe  the  shortfalls  that  result  from  a  comparison  between  the  requirements  and 
capabilities  information  and  will  recommend  both  interim  and  long-term  solutions  for  the 
shortfalls.  The  Dynamics  Research  Corporation  (DRC)  is  conducting  this  effort. 

We  are  funding  the  creation  of  a  Tri-  Service  Laboratory  consortium  as  a  means  to  utilize 
the  talents  of  the  Army  Research  Laboratory  (ARL),  the  Naval  Research  Laboratory 
(NRL),  and  Phillips  Laboratory  (PL).  The  consortium  will  serve  as  a  fonrm  for  blending 
research  from  all  three  Services  to  develop  and  optimize  M&S  solutions  for  the  Joint 
M&S  programs. 

4.2  Standards 

The  Standards  program  area  includes  those  projects  that  establish  mles  governing  models, 
simulations,  data,  and  metadata.  These  rules  allow  the  M&S  community  to  build  to  a 
common  understanding  of  the  environment  and  thereby  promote  maviimim 
interoperability  and  reuse.  We  have  three  projects  in  this  focus  area. 

A  verification,  validation,  accreditation  and  certification  (WA&C)  strategy  is  being 
formulated  which  will  allow  the  data  producer,  tool  developer,  M&S  system  developer, 
and  M&S  system  user/value  adder  to  define,  build,  and  interchange  required  M&S 
environmental  domain  resources.  This  project  is  being  conducted  both  internally  and  in 
cooperation  with  other  environmental  MSEAs  and  DMSO  supported  groups. 

The  Synthetic  Environment  Data  Representation  Interchange  Specification  (SEDRIS) 
project  is  responsible  for  establishing  a  mechanism  which  facilitates  standard 
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representation  of  and  access  to  existing  synthetic  environment  data,  increases  the  utility 
of  legacy  databases,  and  can  be  easily  expanded  to  capture  future  modeling  investments. 
The  mechanism  is  a  data  model  which  facilitates  broad  reuse  of  synthetic  environments, 
supports  interoperability  of  heterogeneous  simulation  systems,  and  has  application  across 
the  modeling  and  simulation  commimity.  The  Terrain  MSEA  is  managing  the  SEDRIS 
project.  The  air  component  of  SEDRIS  has  been  contracted  to  TASC,  Inc.  NRL  is 
assisting  with  the  space  component  of  SEDRIS. 

A  data  dictionary  is  being  prepared  as  part  of  the  data  representation  standards  for  use  in 
air  and  space  M&S.  We  are  leveraging  the  work  of  the  Joint  Meteorology  /Oceanography 
(METOC)  Data  Administration  Steering  Committee.  As  one  of  its  goals  this  group  will 
establish  common  METOC  data  definitions  by  developing  a  METOC  data  model  as  an 
extension  to  the  DoD  Enterprise  Data  Model  and  registering  the  data  elements  in  the 
Defense  Data  Dictionary  System  (DDDS). 

4.3  Just-in-Time  Production 

Just-In-Time  production  projects  provide  the  capability  to  generate  authoritative  standard 
data  or  value-added  data  on-demand  firom  available  data  sources  in  time  to  meet 
warfighter  pre-mission,  mission  planning,  mission  rehearsal,  execution,  and  post-mission 
review  needs.  We  are  funding  three  projects  within  this  program  element. 

The  High  Resolution  Gridded  Climatology  project  is  developing  the  capability  to 
generate  hourly,  annual  climatology  of  four  basic  atmospheric  parameters  (wind, 
temperature,  precipitation,  and  pressure)  and  several  derived  parameters  such  as  visibility 
at  10km  resolution  for  theater-sized  regions.  This  project  is  enlisting  the  expertise  of 
AFCCC,  PL,  Meso  Inc,  and  Saint  Louis  University. 

We  are  supporting  an  effort  which  will  help  to  model  significant  environmental  effects  on 
systems.  This  effort  leverages  the  ongoing  Wright  Laboratory  Extreme  and  Percentile 
Environmental  Reference  Tables  (ExPERT)  that  generates  climatological  datasets  used  to 
determine  the  environmental  impact  occurring  during  the  life-cycle  process  of  a  weapon 
system.  MSEA  A&SNE  funds  will  be  used  to  improve  ExPERT  by  1)  developing  the 
capabiUty  to  generate  correlated  climatological  datasets  and  by  2)  developing  tables  that 
show  the  relative  weighting  of  the  impact  that  various  atmospheric  parameters  have  on 
the  particular  components  of  a  weapon  system. 

Our  third  initiative  within  this  program  element  provides  for  the  additional  development 
of  PL’s  Cloud  Scene  Generation  Model  (CSSM).  Presently,  CSSM  is  a  empirical  based 
model  that  can  generate  3D  grids  of  liquid  water  content,  and  can  then  translate  these 
grids  into  textured  polygons  for  visual  representation  of  clouds.  We  are  providing 
funding  to  provide  CSSM  with  the  a  validated  method  to  generate  cloud  scenes  that  are 
radiometrically  correct.  This  is  a  joint  effort  between  PL  and  ARL. 


364 


4.4  Dynamic  Representation 

The  Dynamic  Representation  program  element  develops  technologies  that  focus  projects 
providing  the  capability  for:  (1)  visual  and/or  mathematical  (physics-based)  interaction 
or  events  within  a  simulation  that  change  (usually  in  real  or  near-real-time)  what  is  or  can 
happen  to  affect  the  results  of  the  simulation  or  model;  (2)  dynamically  consistent,  time 
dependent,  authoritative,  environmental  runtime  database  implementation  that  changes 
during  the  execution  of  a  model  or  simulation.  We  are  currently  funding  three  initiatives 
as  part  of  this  program  element. 

PL’s  Geophysics  Directorate  is  being  supported  to  develop  the  capability  to  model  space 
environmental  effects  on  satellite  systems.  This  effort  involves  coupling  space 
environmental  effects  models  with  a  virtual  satelhte  simulation  system.  It  will  leverage 
existing  capabilities  provided  by  PL’s  GEOSpace  and  Satellite  Simulation  Toolkit 
software  packages.  The  final  product  will  be  a  simulation  system  capable  of  diagnosing 
and  predicting  how  near-space  environmental  effects  degrade  systems  on-board  satellite 
platforms. 

The  MSEA  A&SNE  is  providing  funding  support  for  Project  Pinpoint.  This  project  is  a 
joint  initiative  between  the  IMINT  Program  Office  and  the  National  Air  Intelligence 
Center.  Its  objective  is  to  provide  target  scene  visualization  capability  that  will  improve 
mission  planning  confidence,  increase  mission  flexibility,  and  perform  mission  rehearsal 
for  a  broad  range  of  imaging  infirared  precision  strike  weapon  platforms. 

There  have  been  two  projects  funded  in  the  past  that  model  atmospheric  effects  on 
systems.  They  are  the  Phillips  Laboratory  Unified  Simulator  (PLEXUS)  project  and  the 
U.S.  Army  Space  and  Strategic  Defense  Command’s  FAST  PROPagation  (FASTPROP) 
project.  Our  PLEXUS  initiative  provides  an  improved  weather  input  capability  for  the 
interfaces  to  a  suite  of  transmissivity  datasets  and  models.  FASTPROP  provides 
customers  with  weather  effects  on  line  of  sight  and  other  parameters  needed  for 
simulating  the  performance  of  air  defense  and  other  related  systems.  These  projects  are 
currently  not  funded  by  the  MSEA  due  to  budget  constraints. 

4.5  Access  to  Resources 

Projects  in  the  Access  to  Resomrces  program  element  are  to  develop  system  capability 
needed  to  link  metadata  to  the  acquisition  of  required  M&S  resources.  Access  will  be 
provided  to  all  aspects  of  information  or  tools  necessary  to  build  and  execute  models  and 
simulations.  The  data  holding  will  be  virtual  (geographically  distributed,  available 
electronically,  in  a  manner  which  is  transparent  to  the  customer). 

Under  this  category  of  projects  we  have  started  development  of  a  prototype  Tools  Catalog 
that  will  serve  as  the  air  and  space  environmental  component  of  the  Modeling  and 
Simulation  Repository  (MSRR).  MSRR  is  the  DMSO  supported  master  program  that  is 
envisioned  as  a  collection  of  computer  resources  and  information  which  will  assist  the 
M&S  community  in  communicating  and  sharing  information.  The  Tools  Catalog  will 
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provide  the  M&S  user  community  with  a  convenient  and  cost  effective  means  of  locating 
the  most  suitable  air  and  space  natural  environment  tools  (models  and  algorithms) 
available  for  their  specific  applications.  It  is  being  implemented  using  the  Oracle 
relational  database  and  will  be  accessible  over  the  Internet  via  MSRR.  The  database  will 
store  sufficient  metadata  to  properly  characterize  a  tool  to  potential  users.  Colsa,  Inc.  has 
been  contracted  to  develop  the  prototype. 


5.  CONCLUSION 

Since  the  MSEA  A&SNE  is  a  new  organization,  our  primary  efforts  are  focused  on 
establishing  an  infrastructure  which  will  allow  us  to  readily  respond  to  the  needs  of  our 
M&S  customers.  This  infrastructure  includes  personnel,  information,  technology,  and 
process.  During  the  past  6  months  four  Air  Force,  Army,  and  Navy  personnel  have 
joined  this  organization  to  ensure  that  the  interests  of  all  the  Services  are  represented. 
The  efforts  of  the  MSEA  A&SNE  are  also  being  assisted  by  four  on-site  contractor 
persoimel.  We  have  started  creating  thorough  knowledge  bases  about  our  customers’ 
requirements  and  the  capabilities  available  for  addressing  those  requirements.  A 
comparison  between  the  requirements  and  capabilities  will  allow  the  identification  of 
capability  shortfalls.  The  latest  computer  and  communication  technology  is  being  used  to 
create  the  knowledge  bases  and  to  share  the  information  they  contain  with  the  M&S 
community.  Numerous  procedmes  and  standards  are  also  being  developed.  Guidelines 
and  procedures  are  being  established  for  verification,  validation  and  accreditation  of 
models  and  verification,  validation  and  certification  of  data  used  by  the  models.  Data 
interface  standards  are  also  being  established  that  will  allow  different  simulations  to 
exchange  data. 
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ABSTRACT 

The  Synthetic  Theater  of  War  is  the  major  application  of  a  Defense  Advanced 
Research  Projects  Agency  thrust  in  Advanced  Distributed  Simulation  (ADS).  The 
STOW  Program  focuses  on  an  Advanced  Concept  Technology  Demonstration  termed 
STOW  97  sponsored  by  DARPA  with  the  United  States  Atlantic  Command.  To 
support  ADS  applications  up  to  the  Joint  Task  Force  level,  STOW  seeks  to 
develop  and  demonstrate  technologies  enabling  the  integration  of  war- fighting 
through  virtual  and  constructive  simulations  from  geographically  distributed 
locations  in  a  common  synthetic  battlespace. 

The  U.S.  Army  Topographic  Engineering  Center  is  developing,  under  Contract  to 
Lockheed  Martin,  a  S3nithetic  environment,  Dynamic  Virtual  Worlds,  which  will 
enhance  the  virtual  battlefield  with  real  world  environmental  effects  using 
atmospheric  models  developed  by  the  Army  Research  Laboratory  that  vary 
temporally  and  spatially.  This  paper  summarizes  the  atmospheric  effects  that 
are  being  demonstrated  in  the  Dynamic  Virtual  Worlds  program  within  STOW  97. 


1 . 0  Introduction 

Weather  has  always  played  a  decisive  role  in  warfare.  Literature,  movies,  and 
historical  accounts  of  battles  depict  the  struggles  of  the  infantryman 
trudging  through  the  sloppy  mud  of  the  jungle,  the  snowy  cold  of  the  North,  or 
the  searing  heat  of  the  desert.  The  eventual  winner  of  the  battle  was  almost 
always  the  individual  or  battle  group  who  could  better  withstand  the  elements 
of  weather  and  turn  those  elements  to  their  benefit.  A  frequently  heard 
statement  is,  "The  weather  affects  the  enemy  just  the  same  as  it  affects  us, 
so  it  is  not  a  factor  to  the  outcome . "  This  has  been  a  false  assiamption  for 
as  long  as  history  has  recorded  armed  conflict.  An  example  is  Napoleon's 
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wintertime  invasion  of  Russia.  And  it  is  certainly  improper  to  assume  such  a 
posture  in  modern  or  future  warfare. 

The  S3mthetic  Theater  of  War  (STOW)  is  the  major  application  of  a  Defense 
Advanced  Research  Projects  Agency  (DARPA)  thrust  in  Advanced  Distributed 
Simulation  (ADS)  .  The  STOW  Program  focuses  on  an  Advanced  Concept  Technology 
Demonstration  termed  STOW  97  sponsored  by  DARPA  with  the  United  States 
Atlantic  Command  (USACOM)  .  The  successful  implementation  of  STOW  97 
technologies  in  November  1997  with  the  United  Endeavor  98-1  Exercise  will  mark 
the  full  operational  capacity  of  the  USACOM  Joint  Training,  Analysis  and 
Simulation  Center.  To  support  ADS  applications  up  to  the  Joint  Task  Force 
level,  STOW  seeks  to  develop  and  demonstrate  technologies  enabling  the 
integration  of  war- fighting  through  virtual  and  constructive  simulations  from 
geographically  distributed  locations  in  a  common  synthetic  battlespace. 

Serving  as  DARPA  Agent,  the  U.S.  Army  Topographic  Engineering  Center  has 
awarded  research  and  development  contracts  to  develop  advanced  technologies  in 
four  areas:  1)  physics -based  environmental  effects  under  the  Dynamic  Virtual 
Worlds  (DVW) ;  2)  dynamic  terrain  and  multi-state  objects  under  the  D3niamic 
Terrain  and  Objects;  3)  atmospheric  and  ocean  data  services  under  the  Total 
Atmosphere  and  Ocean  Server  (TAOS) ;  and  4)  next  generation  terrain  data  base 
representations  under  the  Improved  Computer  Generated  Forces  Terrain  Data 
Base.  This  paper  will  only  discuss  (1)  above. 


2.0  Dynamic  Virtual  Worlds 

Lockheed  Martin  Advanced  Distributed  Simulation  (LADS)  of  Bellevue,  Washington 
and  Cambridge,  Massachusetts  is  performing  the  integration  of  environmental 
feature  models  into  ModSAF  (Modular  Semi -Automated  Forces)  ,  and  complementary 
visualization  capabilities  known  as  ModStealth.  ModSAF  was  selected  as  the 
computer  generated  forces  system  because  of  its  open  architecture,  wide  use, 
and  ready  availability.  The  visualization  of  environmental  effects  is  being 
demonstrated  in  the  new  OpenScene  "stealth"  system.  The  DVW  (Turner,  1996) 
program  enhances  the  virtual  battlefield  with  real  world  environmental  effects 
that  vary  temporally  and  spatially.  Examples  of  effects  currently  modeled 
include  the  variation  of  illumination  with  time -of- day;  obscuration  of  the 
battlefield  from  artillery- generated  dust,  vehicle  dust,  smoke  from  burning 
tanks,  and  tactical  offensive  and  defensive  smoke  sources;  the  effects  of 
boundary  layer  aerosols  (fog,  haze,  rain,  and  snow);  signal  and  illumination 
flares;  hydrology;  and  the  effects  of  dynamic  environments  on  mobility.  All 
of  the  atmospheric  models  currently  being  used  by  DVW  are  contained  in  the 
Electro-Optical  Atmospheric  Effects  Library  (EOSAEL)  (Shirkey,  et  al,  1987). 
EOSAEL  has  been  constructed  by  the  Army  Research  Laboratory's,  Information 
Sciences  and  Technology's,  Battlefield  Environment  Division;  EOSAEL  has  been 
evolutionary,  with  its  inception  in  1979  and  four  revisions  since  then.  A  new 
revision  is  currently  available  through  the  Test  and  Evaluation  Community 
Network  Bulletin  Board  System  (TECNET) . 


2.1  The  Electro-Qptical  Systems  Effects  Library 

EOSAEL  provides  an  integrated  methodology  to  investigate  atmospheric  effects 
on  radiation  passing  through  the  fog-of-war.  It  is  a  state-of-the-art 
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computer  library  comprised  of  fast-running  theoretical,  semi -empirical,  and 
empirical  computer  programs  that  mathematically  describe  various  aspects  of 
electromagnetic  propagation  and  battlefield  environments.  The  models  are  more 
engineering  oriented  than  first  principles.  The  philosophy  is  to  include 
modules  that  give  reasonably  accurate  results  with  the  minimum  in  computer 
time  for  conditions  that  may  be  expected  on  the  battlefield. 

The  modules  contained  in  EOSAEL  are  organized  into  eight  generic  atmospheric 
effects  areas :  gases ,  natural  aerosols ,  battlefield  aerosols ,  radiative 
transfer,  laser  propagation,  and  target  acquisition,  system  performance  and 
support.  Details  of  the  physics  embodied  in  these  modules  and  their  usage  may 
be  found  in  the  various  EOSAEL  volumes  (EOSAEL  87)  and  at  the  internet  site 
"http://www.eosael.com” . 


2.2  ModSAF  Weather  Editor 


In  order  to  aid  in  the  setting  up  and  running  of  DVW  coupled  with  the 
underlying  EOSAEL,  a  weather  editor  has  been  constructed  by  LADS, 
appropriately  named  the  ModSAF  weather  editor.  The  ModSAF  weather  editor 
supports  uniform,  homogeneous,  atmospheric  parameter  settings.  A  widget 
controlled  graphical  user  interface  supports  setting  time-of-day,  temperature, 
wind  speed  and  direction,  precipitation  type  and  rate,  extinction  type  and 
amount,  cloud  cover,  barometric  pressure  and  dewpoint.  The  weather  editor 
establishes  uniform  conditions  for  the  entire  data  base.  Although  not 
representative  of  a  3-D  spatially  variant  natural  environment,  the  weather 
editor  does  provide  a  robust  tool  for  localized  model  testing  and  general 
scenario  simulation.  For  example,  an  operator  can  modify  the  data  base's  wind 
speed  and  direction  to  analyze  the  change  in  a  smoke  plume's  dispersion  down 
wind.  Likewise,  an  operator  can  set  the  date  and  time-of-day  to  analyze  a 
scenario  during  a  rising  or  setting  sun.  The  atmospheric  settings  are  also 
used  to  feed  the  environmental  models  discussed  below. 


2 . 3  Natural  Illumination 

Many  simulation  systems  today  operate  in  a  static,  full  daylight  environment. 
The  STOW  program  can  compute  d3mamic  time-of-day  capability  to  provide 
continuous  changes  to  the  ambient  lighting  contributions  from  solar,  lunar, 
and  sky  background  sources.  The  EOSAEL  ILUMA  model  (Duncan,  et  al,  1987) 
describes  natural  illumination  under  realistic  atmospheric  conditions  that 
include  clear  skies,  partly  cloudy  and  overcast  conditions,  precipitation  and 
fog.  The  total  illumination  is  computed  as  the  sum  of  the  contributions  from 
the  sun,  the  moon  and  the  background  sky.  At  night,  scattered  light  from 
nearby  cities  (or  other  sources  of  artificial  light)  can  significantly  enhance 
the  horizontal  illumination  at  a  given  location;  shadows  cast  by  natural  or 
man-made  objects  may  also  significantly  reduce  the  available  illumination. 
Neither  of  these  problems  is  addressed  in  the  current  model  because  of  the 
detailed,  site-specific,  physical  modeling  required  for  their  treatments. 

Computer  codes  based  on  extinction  or  single  scattering  have  been  widely  used 
to  predict  atmospheric  transmittance  (Kneizys,  et  al,  1983).  Light 
propagation  in  the  atmosphere,  however,  is  a  multiple  scattering  process  in 
which  radiation  scattered  by  one  element  can  be  scattered  again  by  another 
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element.  Numerous  large  computer  codes  have  been  developed  for  performing 
exacting  multiple  scattering  radiation  transfer  calculations.  Because  of  the 
memory  requirements  and  execution  time  limitations ,  these  codes  are  not 
practical  for  real-time  battlefield  applications.  In  addition,  to  develop  a 
computer  code  that  requires  inputs  that  cannot  reasonably  be  expected  to  be 
available  is  not  practical.  Cloud  observations,  especially  under  tactical 
situations,  usually  provide  the  types  and  amounts  of  high-,  middle-,  and 
low-level  clouds.  Since  these  observations  are  taken  by  a  human  observer,  no 
information  above  an  overcast  layer  is  obtained.  Also,  note  that  this 
information  does  not  include  cloud  thickness,  t3pes  of  aerosols  in  the  cloud, 
and  aerosol  size  distribution  --  quantities  that  are  desirable  for  detailed 
radiation  transfer  calculations. 

ILUMA  employs  Shapiro's  three-layer  atmosphere  model,  which  uses  the  doubling 
method  for  determining  solar  insolation  at  the  surface.  Details  of  Shapiro's 
methodology  may  be  found  in  Shapiro  (1982). 

2.3.1  Calculation  of  Illumination 

Conceptually  the  calculation  is  straightforward,  given  the  formulas  developed 
in  (Duncan,  et  al,  1987).  Beginning  with  location  and  time,  one  would 
calculate  the  zenith  angles  of  the  sun  and  the  moon.  The  fractional 
transmittances  would  be  computed  and  multiplied  by  known  values  of  the 
illuminance  at  the  top  of  the  atmosphere  to  obtain  the  surface  values .  Because 
of  the  approximate  nature  of  the  transmission  and  reflection  functions  (and 
hence  the  fractional  transmittances) ,  an  alternate  procedure  was  adopted.  The 
illuminance  were  calculated  from  empirical  data  for  clear  sky  conditions  (van 
Bochove,  1982).  These  values  were  then  multiplied  by  the  ratio  of  the 
fractional  transmittance  for  the  specified  weather  condition  and  the 
fractional  transmittance  for  clear  conditions. 

When  the  sun  and  moon  are  well  below  the  horizon,  illumination  is 
significantly  higher  than  would  be  predicted  from  these  two  sources.  Sources 
for  this  additional  illiamination,  called  the  background  sky  illumination, 
include  starlight  and  airglow  (RCA,  1974).  Published  values  for  this 
contribution  to  illumination  vary  from  0.00007  to  0.00025  fc.  A  mean  value  of 
0.00015  fc  has  been  included  in  the  current  model. 

The  model  has  been  designed  to  accept  data  that  are  generally  available 
through  routine  weather  observations.  These  data  include  the  types  and 
amounts  of  high-,  middle-,  and  low-level  clouds  and  the  occurrence,  or 
nonoccurrence,  of  fog  or  precipitation.  The  resultant  three-layer  radiative 
transfer  model  responds  to  inputs  of  the  types  and  amounts  of  such  clouds. 
Admittedly  such  a  simplified  approach  results  in  some  error  in  the  computation 
of  the  transmission  of  visible  light  through  the  atmosphere.  However,  more 
detailed  calculations  that  would  probably  provide  more  accuracy  typically 
require  input  data  that  are  not  routinely  available. 

The  comparisons  (Duncan,  et  al,  1987)  show  that  the  model  predicts  reasonable 
values  when  compared  to  the  field  measurements  available.  The  model  has  a 
general  tendency  to  slightly  under  predict.  Although  the  exact  cause  for  this 
tendency  has  not  been  determined,  it  may  be  largely  a  result  of  contributions 
to  measured  illumination  from  artificial  light  sources  (nearby  cities). 
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ILUMA.  thus  allows  the  STOW  simulation  exercises  to  operate  around  the  clock  by 
providing  continuous  characterizations  of  natural  illumination  from  sunrise  to 
sunset  and  from  full  daylight  to  total  darkness. 

2.3.2  Inherent  Contrast 

Natural  illumination  in  STOW  simulations  prompted  the  extension  of  ModSAF 
target  detection  models  to  leverage  variable  lighting  conditions. 

Inherent  contrast  describes  the  color  difference  between  a  vehicle  and  its 
background.  Developed  by  the  U.S.  Army  Night  Vision  Laboratory  (Decker, 

1988),  the  contrast  model  provides  a  measure  of  a  target's  maximum  potential 
visibility  based  on  four  factors:  1)  target  type,  2)  target  background,  3) 
illumination  source  for  the  target,  and  4)  spectral  waveband  in  which  the 
target  is  being  sensed. 

Parameters  for  target  type  include  woodland  and  desert.  Army  camouflage  paint, 
Army  tan  paint,  fatigue  uniforms,  dark  brown  paint,  light  brown  paint,  or  3 
types  of  foreign  paint  schemes.  Background  type  is  broken  into  the  following 
categories:  sandy  soil,  gravel  roads,  concrete,  asphalt,  rocky  soil,  map 

green,  map  light  green,  top  soil  and  sky.  The  illumination  source  can  consist 
of  either  sun,  moon  or  stars,  and  sensor  tjpes  may  include  daylight  vision 
optics  or  night  vision  optics.  These  parameters  are  fed  through  contrast 
model  lookup  tables  to  determine  the  target's  inherent  contrast. 


2 . 4  Atmospheric  Transmission 

The  representation  of  haze,  dust,  rain  and  snow  within  ModSAF  and  OpenScene 
provide  a  powerful  simulation  mechanism  to  degrade  once  environmentally  static 
sensor  simulations.  STOW  currently  supports  simulation  of  these  atmospheric 
phenomenon  in  the  context  of  atmospheric  transmission. 

Atmospheric  transmission,  or  transmissivity,  describes  the  visibility  effects 
of  boundary- level  aerosols  (haze,  dust)  and  precipitation.  Beer's  law  is  used 
to  calculate  the  transmittance: 


{R) 


where 


T^(R)  -  the  transmittance  at  range  R  and  wavelength  A 
=  the  extinction  coefficient  at  A. 

Transmissivity  is  determined  via  the  use  of  three  models:  1)  the  LOWTRN  model, 
which  was  developed  by  the  U.S.  Air  Force's  Geophysics  Laboratory  and 
incorporated  into  EOSAEL;  2)  the  EOSAEL  XSCALE  model  (for  transmissivity  due 
to  snow) ;  and  3)  a  model  used  to  calculate  the  transmissivity  of  a  dust  storm. 

In  ModSAF,  the  output  of  the  LOWTRN,  XSCALE,  and  the  dust  storm  model  is 
stored  in  a  series  of  lookup  tables  as  extinction  coefficients.  These 
extinction  coefficients  are  used  to  provide  appropriate  visualization  cues  in 
OpenScene  and  to  degrade  sensor  and  target  detection  in  ModSAF. 
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The  calculations  of  transmission  within  DVW  for  haze,  fog,  and  rain  use  the 
formulation  found  in  the  EOSAEL  version  of  LOWTRAN  (LOWTRN)  (Pierluissi  and 
Maragoudakis ,  1987).  The  EOSAEL  version  differs  only  in  that  some  coding  not 
relevant  to  Army  usage  was  deleted. 

There  are  two  options  for  producing  visible  fog,  haze  or  rain  in  DW  which 
are:  using  LOWTRAN  and  using  inputs  from  the  TAOS  program.  The  ModSAF  and 
OpenScene  applications  are  run  in  slightly  different  manners:  this  is  due  to 
the  fact  that  ModSAF  needs  data  bases  from  LOWTRAN  whereas  OpenScene  can  use 
LOWTRAN  on  the  fly  (real-time). 

2.4.1  LOWTRAN  usage  in  DVW 

When  LOWTRAN  is  employed  the  atmosphere  is  considered  to  be  horizontally 
homogeneous  -  vertical  stratification  that  may  be  existent  in  LOWTRAN  is  used, 
but  due  to  the  nature  of  Army  warfare  (close  to  the  ground)  this  vertical 
stratification  is  not  frequently  invoked.  The  following  discussion  is  taken 
from  the  original  LOWTRAN  5  and  6  reports  (Kneizys,  et  al,  1980  and  1983). 

The  aerosols  that  are  currently  implemented  in  DVW  (others  could  be  added  if 
so  desired)  from  LOWTRAN  are  rural  (for  haze),  two  types  of  fog  (advection  and 
radiation),  and  rain  at  six  different  rates. 

2.4. 1.1  Rural  aerosol.  Haze  (10- ,  5-,  and  2-km  meteorological  ranges)  can  be 
represented  by  the  rural  aerosol  within  the  boundary  layer  (0-2  km) .  Within 
the  boundary  layer  the  shape  of  the  aerosol  size  distribution  and  the 
composition  of  the  model  at  the  surface  is  assumed  to  be  invariant  with 
altitude.  The  rural  model  is  intended  to  represent  the  aerosol  condition  one 
finds  in  continental  areas  which  are  not  directly  influenced  by  urban  and/or 
industrial  aerosol  sources.  The  rural  aerosols  are  assumed  to  be  composed  of 
a  mixture  of  70  percent  water-soluble  substance  and  30  percent  dust- like 
aerosols.  The  rural  size  distribution  is  parameterized  as  the  sum  of  two 
log-normal  size  distributions. 

2.4. 1.2  Fog  models.  When  the  air  becomes  nearly  saturated  with  water  vapor, 
fog  can  form.  Saturation  of  the  air  can  occur  as  the  result  of  two  different 
processes;  the  mixing  of  air  masses  with  different  temperatures  and/or 
hxomidities  (advection  fogs)  ,  or  by  cooling  of  the  air  to  the  point  where  its 
temperature  approaches  the  dew-point  temperature  (radiation  fogs) .  When  using 
a  fog  model  it  is  assumed  that  the  visibility  is  less  than  200  m  for  thick 
fogs  and  the  extinction  will  be  virtually  independent  of  wavelength.  For  these 
conditions  the  advection  fog  model  should  be  used.  For  light  to  moderate 
fogs,  the  visibility  will  be  200  to  1000  m  and  the  radiation  fog  model  should 
be  used.  For  thin  fog  conditions  where  the  visibility  may  be  1  to  2  km,  the 
99  percent  relative  humidity  aerosol  models  may  represent  the  wavelength 
dependence  of  the  atmospheric  extinction  as  well  as  any  of  the  fog  models.  A 
modified  gamma  size  distribution  was  used  to  construct  these  fog  models 
(Shettle  and  Fenn,  1979), 

2. 4. 1.3  Rain  model.  The  Marshall -Palmer  (MP)  raindrop  size  distribution  is 
used  because  the  two  main  components  are  rain  rate  and  drop  diameter,  and  the 
MP  raindrop  size  distribution  is  widely  accepted  in  the  research  community. 
Note  that  the  extinction  due  to  rain  is  independent  of  wavelength. 

In  passing  it  should  be  noted  that  MODTRAN  (Berk,  et  al,  1989)  is  not  employed 
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as  the  wavelengths  used  here  are  primarily  in  the  visible  and  current  sensors 
modeled  are  not  narrow  band.  If  the  visualization  were  to  be  in  the  IR  or 
narrow  band  sensors  were  to  be  used,  then  MODTRAN  would  have  to  be  employed  to 
represent  the  atmospheric  transmission  more  accurately. 

2.4.2  TAOS  usage  in  DVW 

When  TAOS  4-D  gridded  data  is  available,  the  required  information  is  taken 
from  the  3-D  distributed  weather  grid  sources  such  as  observations  or  weather 
models.  In  this  case  horizontal  and  vertical  3-D  inhomogeneities  are  allowed 
-  the  extinction  coefficients  are  more  closely  aligned  with  real  weather, 
rather  than  modeled  weather.  When  run  in  this  mode  the  information  passed  is 
of  three  types:  1)  extinction  type  (rural,  etc.)  and  precipitation  type  (rain, 
etc.);  2)  meteorological  range;  and  3)  the  extinction  coefficient. 

2.4.3  Attenuation  Through  Falling  Snow 

XSCALE  (Fiegel,  1994)  calculates  the  transmittance  through  the  naturally 
occurring  aerosols  of  haze,  fog,  rain,  snow,  and  ice  fog.  XSCALE  models  the 
wavelength  dependence  of  transmittance  on  these  aerosols  for  line -of- sight 
(LOS)  paths  within  ^2  km  of  the  earth's  surface.  The  aerosols  are  assumed  to 
be  horizontally  homogeneous. 

Falling  snow  is  defined  in  XSCALE  as  precipitating  snow  carried  by  a  wind  of 
less  than  5  m/s  and  a  relative  htomidity  of  less  than  95  percent.  Crystals  of 
falling  snow  are  generally  large  in  comparison  to  visible  and  IR  wavelengths. 
The  geometrical  optics  approximations  are  expected  to  be  valid.  Therefore, 
the  extinction  coefficient  is  equal  to  2.0  and  the  resulting  extinction  is 
wavelength  independent.  However,  field  measurements  of  transmittance  usually 
have  exhibited  a  wavelength  dependence  in  falling  snow  such  that  the 
extinction  coefficient  increases  with  wavelength  in  the  absence  of  coexisting 
fog.  This  observed  spectral  dependence  is  explained  for  the  most  part  by 
considering  diffraction  effects.  Thus,  as  the  wavelength  increases,  less 
diffracted  energy  is  directed  along  the  LOS  to  enter  the  transmi  s  some  ter , 
resulting  in  an  increasing  extinction  coefficient  with  wavelength. 

2.4.4  Dust  Model 

The  dust  storm  model  has  been  constructed  from  extinction  coefficients  that 
were  taken  at  the  BCIS  experiment  at  the  Mounted  Warfare  Testbed,  Ft.  Knox. 

2.5  Battlefield  Obscurants 


Obscuration  of  the  battlefield  from  burning  vehicle  smoke,  smoke  signals, 
smoke  pots,  smoke  generators,  artillery  dust  and  muzzle  dust  are  provided  by 
EOSAEL's  Combined  Obscuration  Model  for  Battlefield  Induced  Contaminants 
(COMBIC)  (Hoock,  et  al,  1987).  COMBIC  models  the  production,  transport, 
diffusion  and  non-uniform  structure  of  battlefield  obscurants.  The  model  uses 
semi -empirical  and  first-principle  physics  to  compute  the  influences  of  wind, 
humidity,  temperature  and  pressure  on  the  aerosol  yield,  cloud  buoyancy, 
transport  and  diffusion.  The  design  requirement  was  to  predict  transmission 
for  any  3-D  orientation  of  target  and  observer  pairs,  for  (in  principle)  any 
number  of  battlefield  obscurant  sources  produced  at  different  coordinates  and 
times.  Values  are  computed  for  common  spectral  wave  bands. 
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The  primary  input  to  COMBIC  are  environmental  conditions  (e.g.,  temperature, 
and  wind  velocity)  and  obscurant  source  conditions  (e.g.,  smoke  munition  type 
and  burning  vehicles)  .  Each  obscurant  source  is  characterized  by  one  to  five 
subclouds,  with  each  subcloud  being  either  a  Gaussian  puff  or  a  Gaussian 
plume.  The  model  outputs  a  table  of  subcloud  centerline  trajectories, 
subcloud  dimensions,  the  mean  concentration  downwind  with  respect  to  time,  and 
the  extinction.  Collectively,  this  data  is  referred  to  as  a  COMBIC  trajectory 
time  history. 

COMBIC  calculations  are  performed  in  two  phases.  During  Phase  I,  each  type  of 
obscurant  source  to  be  played  is  computed  for  one  source  and  stored  in  look-up 
tables.  These  outputs  are  stored  in  a  file.  They  include:  the  height  of  the 
centroid  (puff)  or  height  of  the  leading  downwind  edge  of  the  cloud  (plume) ; 
the  x-y-z  dimensions  in  Gaussian  standard  deviations;  and  the  time  required 
for  the  cloud  to  reach  each  downwind  distance.  They  also  include  a  time 
history  of  the  cumulative  amount  of  obscurant  released  for  the  total  bum- time 
(emission  time)  of  the  obscurant.  And,  finally,  they  store  certain  individual 
values  required  for  use  in  scaling  the  results  to  larger  numbers  or  different 
sized  fill -weights  of  obscurant.  All  meteorological  conditions  except 
horizontal  wind  direction  are  used  in  Phase  I. 

In  Phase  II,  the  user  specifies  LOS  pairings  and  initiates  obscurant  source 
scenarios.  COMBIC  computes  LOS  geometries  and  intercepts,  if  any,  with  active 
clouds.  For  each  intersection,  it  determines  the  amount  of  obscurant  along 
the  LOS  by  looking  up  the  amount  of  obscurant  that  will  have  reached  that  LOS 
at  that  time  for  each  source.  This  is  multiplied  by  the  extinction 
coefficients  for  each  obscurant  involved,  and  the  total  combined  transmission 
through  all  relevant  clouds  and  cloud  types  is  computed  for  output  at  each 
wavelength  band.  Wind  direction  is  the  only  meteorological  condition  allowed 
to  be  changed  during  Phase  II ,  although  vehicle  directions  are  allowed  to  be 
changed  during  this  phase.  The  final  outputs  are  computed  as  the  Beer-Lambert 
for  transmittance. 

Vehicular  dust  is  a  special  case  of  battlefield  obscurants.  In  this  case,  the 
source  of  the  local  obscuration  is  moving  rather  than  stationary  and  the 
amount  of  obscurant  is  dependent  upon  the  vehicle  type  (wheeled  or  tracked)  , 
vehicle  weight,  vehicle  speed  and  the  silt  percentage  in  the  soil. 


2.6  Illumination  and  Signal  Flares 

Flares,  launched  via  the  ModSAF  artillery  editor,  are  modeled  to  burst, 
descend  and  extinguish.  Upon  receipt  of  a  detonation  Protocol  Data  Unit  (PDU) 
for  the  flare  munition,  ModSAF  looks  up  the  configuration  data  for  the  flare 
and  initiates  simulation  of  the  entity.  The  flare  configuration  data  includes 
burst  height,  burn  time,  rate  of  fall,  intensity  and  illumination  cone  angle . 
ModSAF  calculates  the  movement  of  the  flare  (descent  and  travel  with  the  wind) 
and  issues  environmental  entity  PDU's.  Once  the  burn  time  has  expired,  the 
flare  is  marked  "inactive,”  with  a  corresponding  change  on  the  ModSAF  plan 
view  display  in  icon  color  from  white  to  black.  Eight  seconds  after  the 
completion  of  the  burn  time,  the  flare  entity  is  terminated. 

Illximination  flares  are  used  to  support  target  detection  at  night,  and  signal 
flares  are  used  to  trigger  ModSAF  phase  changes  in  missions. 
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2.7  Weather-LINC  (Live  InterNet  Connection) 


As  an  adjunct  to  the  Weather  Editor  the  capability  to  connect  ModSAF  to  live 
internet  weather  feeds  has  been  implemented.  A  variety  of  Internet  sites 
provide  periodic  updates,  generally  on  the  hour,  containing  surface  weather 
observations.  ModSAF  can  access  a  variety  of  sites  by  parsing  the  textual 
information  provided  by  the  Internet  site  and  implements  simple  rules  to 
instantiate  quantitative  values  from  the  qualitative  descriptions  (e.g.,  a 
reported  observation  of  "light  rain"  is  mapped  to  rain  rate  of  2  mm/hr). 

ModSAF 's  ability  to  consume  publicly  available  weather  observations  from 
Internet  sites  provides  an  inexpensive  and  powerful  tool  for  simulations 
playing  in  dynamic  environments.  The  STOW  program  has  demonstrated  combined 
live  and  virtual  weather  simulations  to  illustrate  the  power  of  real-time 
weather  information.  These  demonstrations  utilize  OpenScene  visualizing  a 
region  in  which  the  environmental  conditions  are  provided  via  the  ModSAF 
Weather  LING.  As  a  correlation  test,  live  Network  Cameras  (NetCams)  are 
accessed  via  the  World  Wide  Web  displaying  live  out -the -window  views  of  the 
same  region  visualized  by  the  Stealth. 


3.0  Conclusions 

The  DVW  program  is  enriching  the  virtual  battlefield  with  a  range  of 
real-world  local  and  ambient  environmental  effects  garnered  from  physically 
correct  atmospheric  models  and  real-world  empirical  values.  The  local  effects 
modeled  to  date  include  obscuration  due  to  high  explosive  artillery  generated 
dust,  smoke  from  burning  tanks  and  other  battlefield  sources,  vehicular  dust, 
and  signal  and  illiamination  flares.  The  ambient  effects  modeled  include  the 
variation  of  illumination  with  time-of-day,  boundary  layer  aerosols,  clouds, 
precipitation,  snow  and  dust  storms,  ocean  waves,  and  hydrologic  effects  on 
terrain.  The  incorporation  of  these  and  other  real-world  environmental 
effects  is  essential  for  distributed  simulation  applications  ranging  from 
training  to  test  and  evaluation. 
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ABSTRACT 

Someday,  battlefield  commanders  and  staff  will  routinely  immerse  themselves  in  virtual  battlefields. 
There  they  will  tap  into  intuitive,  multi-dimensional,  seamlessly-distributed  digital  databases.  They  will 
be  aided  by  "smart  software"  to  help  them  assess  the  threat,  plan  the  mission  and  gain  situational 
awareness.  This  will  exploit  knowledge  of  the  current  state  of  the  battlespace,  including  forecast  effects 
and  impacts  on  weapons,  tactics  and  operations  of  dynamic  weather,  terrain,  illumination  and  battle- 
induced  environments.  The  reality  of  the  present,  however,  is  that  we  are  only  in  the  first  phase  of  these 
advances.  An  ability  to  collect,  process  and  use  digital  information  on  the  battlefield  is  fairly  recent.  We 
are  just  beginning  to  see  the  benefits  of  automating  and  speeding  up  even  such  traditional  tasks  as 
production  of  text  messages,  2D  data  overlays  and  tactical  maps  in  the  field.  This  paper  shows  how 
existing  technology  might  be  easily  adapted  to  further  advance  the  visualization  of  meteorological 
information,  effects  and  impacts.  We  consider  Vis5D,  the  3-D  data  visualization  software  from  the 
University  of  Wisconsin.  This  publicly-licensed  software  has  desirable  properties  of  "open"  source 
codes,  cross-platform  execution  and  flexibility.  We  demonstrate  how  the  meteorological  forecast  outputs 
of  the  Battlescale  Forecast  Model  can  be  interfaced  to  the  Vis5D  viewer  and  extended  to  include  other 
data  and  derived  effects  parameters.  We  contrast  the  performance  of  the  product  on  different  computers 
to  highlight  the  need  for  future  tactical  computer  hardware  standards  to  include  graphics  hardware  that 
can  run  under  "open"  graphics  languages.  And  we  extend  the  data- visualization  concept  to  3-D  visual 
immersion  and  data-focus  for  mission  planning  purposes. 


INTRODUCTION 

Technology  demonstrations  indicate  that  the 
Tactical  Operations  Centers  (TOC’s)  of  the  future  will 
be  highly  automated  and  interoperable,  sharing  many 
digital  information  products.  Battlefield  commanders 
and  staff  will  be  able  to  routinely  immerse  themselves  in 
“virtual  battlefields”.  There  they  will  tap  into  intuitive, 
multidimensional,  seamlessly-distributed  digital 
information  databases.  They  will  be  aided  by  "smart 
software"  to  help  them  easily  extract  and  synthesize 
critical  information  to  assess  the  threat,  plan  the  mission 
and  gain  situation  awareness. 

Realization  of  this  vision  may  be  several  years 
away,  however.  Currently  text  messages,  paper  maps 


and  overlays  are  still  evolving  into  digital  maps  and  2-D 
graphic  screen  overlays,  with  analysis  information  shared 
via  data  tables  and  images  downloaded  by  direct  file 
transfers.  Data  exchange  interfaces  may  soon  evolve  to 
include  distributed  “push-pull”  database  access  and 
“client-server”  architectures,  perhaps  within  some  form 
of  a  “web-page  and  browser”  environment. 

In  the  spirit  of  this  information  evolution,  we 
describe  in  this  paper  a  current  effort  to  adapt  a  3- 
dimensional  weather  and  effects  data-visualization  tool 
to  support  weather  forecast  analysis  and  display  from  the 
Battlescale  Forecast  Model  (BFM).  BFM  is  part  of  the 
tactical  Integrated  Meteorological  System  (IMETS). 
The  existing  3-D  weather  data  display  software  being 
adapted  is  Vis5D  (Hibbard  and  Paul,  1996). 
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Vis5D  is  a  publicly-licensed  software  package 
from  the  University  of  Wisconsin  for  visualizing  data 
produced  from  numerical  weather  models.  It  has  the 
desirable  properties  of  being  widely  used  and  portable 
between  many  different  computer  systems.  In  the 
following  sections  we  describe  Vis5D  and  its 
application  to  BFM  outputs.  The  data  visualized  can, 
however,  also  include  derived  weather  effects  and 
weather  impacts. 

INTEGRATED  METEOROLOGICAL  SYSTEM 
AND  BATTLESCALE  FORECAST  MODEL 

The  U.  S.  Army’s  Integrated  Meteorological 
System  (IMETS)  supports  the  warfighter  in  the  Tactical 
Operations  Centers  on  the  battlefield.  Fourteen  units 
have  been  fielded,  and  an  additional  eighteen  are 
scheduled.  IMETS  runs  on  Army  Common 
Hardware/Software  (ACHS).  Current  Block  II ACHS  is 
a  SUN  Sparc  20  (replacing  earlier  Block  I  HP 
computers).  Included  in  IMETS  is  the  Battlescale 
Forecast  Model  (BFM,  Lee,  1994).  BFM  is  remarkable 
for  its  ability  to  produce  high  resolution,  24  hour 
forecasts  on  this  desktop  battlefield  system  at  a 
horizontal  spacing  of  typically  10  km  or  5  km  (or  even  2 
km  horizontal  grid  spacing  if  necessary)  over  regions 
from  500x500  km  to  100x100  km,  and  at  16  unevenly 
spaced  vertical  levels  from  the  ground  surface  up  to  7  km 
AGL.  BFM  currently  uses  DTED  terrain  elevation  data. 
BFM  is  initialized  using  coarser-grid  forecast  data,  for 
example  from  the  Air  Force  Global  Spectral  Model 
(GSM)  and  the  Navy  Operational  Global  Atmospheric 
Prediction  System  (NOGAPS),  which  are  global-scale 
models,  plus  observations  and  soundings  in  the  battle 
area.  The  U.  S.  Army  Research  Laboratory  (ARL) 
Battlefield  Environment  Division  is  responsible  for  the 
development  and  integration  of  software  models  and 
analysis  tools  into  IMETS. 

Figure  1  shows  one  example  of  a  tactical 
display  of  BFM  output  on  IMETS.  The  data  here  are 
wind  speed  streamlines  forecast  for  a  region  of  Bosnia 
and  displayed  over  a  2-D  map  provided  by  a  map  server. 
Using  IMETS,  many  other  types  of  2-D  “overlays”  and 
1-D  vertical  profile  displays  of  meteorological  forecast 
data  can  be  generated  in  the  field,  including  analysis 
outputs  from  Integrated  Weather  Effects  Decision  Aids 
(IWEDA).  These  latter  products  show  the  impacts  of 
critical  values  of  weather  parameters  on  military 
subsystems,  systems,  platforms  and  mission  operations. 
Although  future  emphasis  will  include  3-D  visualization 
of  IWEDA  outputs  and  dynamic  weather  effects  at  finer 
scales,  we  concentrate  here  on  improving  visualization  of 
the  weather  data  itself  for  the  fielded  IMETS. 


Figure  1.  IMETS  BFM  Display 


BFM  is  a  hydrostatic  forecast  model  that  is 
sufficiently  compact  to  run  on  the  ACHS  Sparc  20 
desktop  while  delivering  the  high  spatial  resolutions 
needed  for  predicting  terrain-coupled  effects  at  tactical 
scales.  Figure  2  shows  the  spatial  and  time  scales  of 
representative  meteorological  features  and  atmospheric 
effects.  At  scales  below  about  5  km,  prediction  of  the 
mean  meteorological  conditions  can  be  supplemented  by 
other  models  or  by  observations.  These  can  include: 
diagnostic  models  of  near  surface,  terrain-coupled  mean 
winds,  such  as  the  ARL  High  Resolution  Wind  Model 
(HRW,  Cionco  and  Beyers,  1995),  dynamic  physical 
simulations  (such  as  Large  Eddy  Simulation)  or 
statistical  representation  of  dynamic  fluctuations  about 
the  mean.  Future  efforts  will  include  simulation  and  data 
visualization  of  these  finer  scale  data  and  of  derived 
effects  parameters  as  discussed  in  a  later  section. 

ARL  is  currently  extending  IMETS  basic 
weather  data  visualization  capability  to  three  dimensions 
and  time.  The  requirement  is  for  a  3D  software  graphics 
package  that  meets  the  following  criteria: 

(1)  It  must  not  require  changes  to  the  existing 
BFM  and  IWEDA  software,  but  must  be  a  true  “add-on” 
that  acts  only  on  the  forecast  and  analysis  data  outputs. 

(2)  It  must  be  an  easily  and  separately 
maintainable  software  package  with  at  most  a  few,  well- 
documented  code  changes  required  to  adapt  any  new 
revisions  of  the  graphics  package  library  back  into 
IMETS  applications.  It  must  allow  access  to  the 
graphics  source  code  library  to  permit  debugging  should 
any  code  problems  be  identified  in  the  future.  It  must  be 
easily  extended  to  accommodate  any  new  data  types 
generated  from  future  improved  IMETS  forecast  and 
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Figure  2*  Spatial  and  Time  Scale  Classes 


analysis  capabilities.  And  it  must  be  both  cost  effective 
and  widely  used  to  assure  that  it  will  be  able  to  exploit 
future  improvements  in  ACHS  capabilities. 

(3)  It  must  provide  at  least  the  same 
capabilities  of  portraying  stream  flow,  labeled  contours, 
color-coded  data  bands,  and  vector  fields  as  current  2-D 
displays.  This  includes  the  ability  to  easily  incorporate 
the  same  map  underlays  currently  in  METS,  as  well  as 
3-D  extensions  such  as  data  isosurfaces,  volumetric 
color-coded  data  and  the  topographic  elevation  data 
actually  used  in  the  IMETS  forecast  and  analysis  codes. 

(4)  It  must  be  a  tool  that  is  easy  to  learn  and  be 
interactive  to  allow  the  analyst  to  quickly  change  the  data 
displays  and  3-D  viewpoint.  This  will  permit  the  user  to 
concentrate  on  analysis  of  the  weather  data.  And  it  must 
include  a  capability  for  the  user  to  easily  record 
“snapshots”  of  the  displayed  images  for  digital 
transmission,  for  incorporation  into  weather  briefings 
and  for  publishing  on  a  home-page  environment. 

A  graphics  package  that  comes  very  close  to 
meeting  these  requirements  is  the  University  of 
Wisconsin  VisSD  viewer.  Vis5D  is  publicly  licensed 
and  comes  with  the  source  code.  It  can  run  on  the  ACHS 
desktop  systems  and  on  many  other  computers.  As  we 
discuss  below,  only  minimal  changes  (actually 
extensions)  to  the  VisSD  graphics  library  have  been 
required  that  adapt  contouring  algorithms  to  the  specific 
terrain-coupled  vertical  data  layer  spacing  used  by  BFM. 
Much  of  the  computer  code  developed  to  allow  the  use 
of  VisSD  has  thus  focused  on  writing  intermediate  data 


Figure  3.  BFM  in  VisSD  Vievrer 

format  conversion  software  to  transform  METS  output 
data  into  standard  VisSD  input  data  formats. 

Figure  3  is  a  composite  of  examples  of  BFM 
forecast  data  from  the  Joint  Warfighter  Interoperability 
Demonstration  (JWID-96)  as  displayed  in  VisSD.  It 
shows  forecast  wind  streams  at  two  levels,  liquid  water 
content  contours  and  isosurfaces,  and  near-surface 
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pressure  contours.  These  data  are  displayed  over  the 
default  pseudo-colored  topographic  elevation  data  of 
the  South  and  North  Carolina  regions,  v^ith  the 
Appalachian  mountains  in  the  northwest  corner. 

Figure  4  shows  another  example  of  the  more 
sophisticated  display  capabilities  using  Vis5D  to  view 
BFM  outputs.  Here  a  color-coded  volume  rendering  of 
winds  over  the  Appalachian  region  shows  the  strong 
influence  of  the  mountains  on  forecast  wind  speeds 
with  height.  The  inset  figures  display  isosurfaces  of 
constant  liquid  water  content  forecast  over  the  coastline 
and  the  isosurface  of  pressure  over  the  mountains. 


Figure  4.  BFM  in  Vis5D  Viewer 


VIS5D  HISTORY 

Vis5D  (Hibbard  and  Paul,  1996)  is  a  software 
system  for  visualizing  data  made  by  numerical  weather 
models  and  similar  sources.  Vis5D,  version  4.2,  3- 
dimensional  data-visualization  software  is  publicly 
available  from  the  University  of  Wisconsin  under  the 
terms  of  a  GNU  General  Public  License. 

Vis5D  version  1.0  was  written  in  1988  by  Bill 
Hibbard  and  Dave  Santek,  of  the  University  of 
Wisconsin  Space  Science  and  Engineering  Center  and 
by  Marie-Francoise  Voidrot-Martinez  of  the  French 
Meteorology  Office.  Later  version  enhancements  were 
written  by  Bill  Hibbard,  Brian  Paul,  and  by  Andre 
Battaiola  of  CPTEC,  Sao  Paulo,  Brazil,  plus  porting  to 
a  number  of  different  computer  systems  by  a  number  of 
international  contributors.  Version  1.0  was  written  for 
the  Stellar  computer  system.  Version  2.1  in  1992  made 
Vis5D  available  for  the  SGI  and  IBM  workstations. 
Version  3.3  in  1994  ported  Vis5D  to  HP,  DEC,  Sun, 
and  Kubota  (DEC  Alpha)  workstations.  Portability 
was  enhanced  by  implementations  in  the  OpenGL 
graphics  standard.  Version  4.1  in  1995  made  OpenGL 
work-alike  3-D  rendering  software  available  for 
workstations  that  do  not  have  dedicated  graphics 
rendering  hardware  by  using  the  Mesa  graphics  library. 
The  VisSD  source  code,  executables  and  the  Mesa 
graphics  library  can  be  downloaded  from  the  World 


Wide  Web  at  the  URL:  http://www.ssec.wisc.edu/ 
--billh/vis5d.html  [or  by  ftp  from  iris.ssec.wisc.edu 
(144.92.108,63).] 

VisSD  currently  works  with  computer  systems 
having  at  least  32MB  of  RAM  and  at  least  an  8-bit 
color  display,  including: 

Silicon  Graphics  workstations  with  IRIX 
versions  4.x  and  5.x.  (Hardware  graphics  is 
used  and  multiple  processors  are  supported  if 
present); 

IBM  RS/6000  workstations  Model  320H  or 
higher  with  AJX  version  3  or  later.  (Hardware 
graphics  is  supported  through  OpenGL); 

HP  series  7000  or  9000  workstations  with 
HP-UX  A.09.01  or  later  (PEX  optional); 

Sun  Sparc  workstations  with  SunOS  5.x  or 
later.  (Graphics  uses  main  CPU  with  the 
Mesa  library); 

DEC  Alpha  workstations  with  OSF/1  VI. 3  or 
later.  (Kubota  Denali  Graphics  hardware  is 
supported  with  KWS  VI. 3. 3  or  later  and 
NPGL  run-time  license); 

IBM  PC  compatibles  with  Linux  1.0  or  later 
and  75  MHz  Pentium  CPU  or  faster.  (The 
XFree86  X  window  system  must  be  installed.) 

USER  INTERFACE 

The  Vis5D  user  interface  consists  of  an 
options  menu  and  a  rotatable  data  viewing  box.  The 
screen  menu  is  shown  in  Fig.  5.  The  data  viewing  area 
appears  as  a  data  box  as  shown  in  Fig.  6,  which  can  be 
rotated  to  any  viewpoint,  shifted  and  zoomed.  The  box 
is  labeled  in  latitude,  longitude,  height  AGL  (in  our 
implementation)  and  identifies  the  north  direction. 

The  upper  part  of  the  menu  allows  the  user  to: 
animate  or  step  through  the  data  in  time;  toggle  on/off 
display  of  the  terrain  topographic  elevations;  toggle 
on/off  a  bitmapped  texture  (map)  underlay  over  the 
terrain  at  the  bottom  of  the  box;  toggle  on/off  a  vector 
map  underlay;  initialize  the  view  to  various  directions; 
switch  between  orthographic  and  perspective  views; 
reverse  window  background  to  black  or  white;  toggle 
time  of  day  and  legends;  dump  displays  to  image  files; 
and  includes  options  for  additional  variables  and  input 
of  scripted  display  information. 
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The  middle  menu:  manipulates  the  positions 
of  displayed  data  slices  in  the  viewing  volume;  adds 
text  labels;  and  displays  the  meteorological  data  at  any 
point  in  the  3-D  volume  via  a  pointer  “probe”.  The 
bottom  menu  selects  the  data  and  the  variables  to  be 
simultaneously  displayed.  Variables  on  menu  buttons 
are  defined  in  an  ARL-developed  input  file,  discussed 
below,  while  meteorological  data  come  from  a  file  via 
an  ARL  code  that  reformats  them  for  VisSD. 


ELEVATION  AND  MAP  DISPLAYS 

Elevation  data  in  height  above  mean  sea  level 
are  the  same  values  and  spacing  used  by  BFM  in  the 
forecast  calculations.  The  VisSD  “topo”  elevation  data 
file  is  generated  by  a  stand-alone  pre-processor  code 
CNVRTOPO.C  provided  by  ARL  to  convert  BFM 
topo  array  data  conventions  to  VisSD  topo  array  data 
conventions.  The  BFM  topo  array  convention  stores 
data  first  by  rows  scanned  south  to  north  in  each 
column,  which  are  then  each  scanned  west  to  east.  The 
BFM  longitude  convention  is  negative  west  longitudes. 
The  VisSD  topo  array  convention  requires  elevations 
stored  first  by  columns,  scanned  west  to  east  for  each 
row,  which  are  then  each  scanned  north  to  south.  The 
VisSD  longitude  convention  requires  positive  west 
longitudes.  In  addition,  VisSD  elevation  encoding 
requires  the  least  significant  bit  to  be  assigned  a  zero  or 
a  one  representing  a  land  or  water  surface.  Figure  7 
shows  displayed  topographic  elevations  in  VisSD  for 
the  JWID-96  exercise,  with  the  Appalachians  of  North 
Carolina  in  the  northwest  corner.  When  the  “topo” 


I  ^ 

Figure  6.  VisSD  Data  Viewing  Box 

display  option  is  turned  on  without  “texture”  turned  on, 
then  VisSD  produces  a  default  (user-adjustable) 
pseudo-colored  terrain  with  blue  water,  and  green 
lowlands  that  shade  to  a  yellow-red  in  mountain 
regions.  Normally,  we  set  up  VisSD  to  display  an 
exaggerated  vertical  scale  on  the  box  (of  10  to  40  times 
the  horizontal  scale,  typically).  This  allows  the  vertical 
detail  in  meteorological  data  levels  to  be  more  easily 
discerned  by  the  user.  Topographic  elevations  are 
similarly  exaggerated  to  assure  that  near-surface 
meteorological  data  display  properly  on  top  of  the 
topographic  surface. 

The  bit-mapped  underlay  at  the  bottom  of  the 
display  box  is  set  up  to  accommodate  any  image  file  as 
a  texture.  The  texture  will  drape  over  the  elevation 
data  when  the  “topo”  display  is  turned  on,  or  will  lie 
flat  at  the  bottom  of  the  display  box  when  the  “topo” 
display  option  is  turned  off.  One  can  use,  for  example, 
the  map  generated  for  the  BFM  output  from  the 


Figure  7.  VisSD  Using  BFM  Topo  Elevations 
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Figure  8.  IMETS  Generated  Map  Underlay 

IMETS  map  server  as  shown  in  Fig.  8.  Or  the  user  can 
supply  any  other  map,  for  example  the  U.S.  Census 
Bureau  map  shown  in  Fig.  9,  for  the  same  region. 
Vis5D  supports  this  image  in  SGI  “.rgb”  image  format. 
We  convert  the  image  file  from  the  more  typical  image 
formats,  such  as  “.gif’  into  the  SGI  format  in  a  separate 
pre-processing  step. 

Figure  10  shows  an  example  of  the 
combination  of  both  “topo”  elevations  and  the  map 
“texture”  turned  on  simultaneously. 


Figure  9.  Arbitrary  (US  Census)  Map  Underlay 

where  Zmaxmsi  is  a  fixed  height  of  the  top  of  the  BFM 
computation  box  (Zmaxagi  +  niax  terrain  height  relative 
to  sea  level),  and  Z^axagi  is  currently  fixed  in  BFM  at  a 
value  of  7000  m  above  ground  level. 

This  algorithm  is  inserted  into  the  vector, 
contouring,  volumetric  rendering  and  isosurface 
generation  subroutines  such  that  the  meteorological 
data  are  all  adjusted  for  the  terrain  elevation  changes. 
Thus,  near  the  surface  the  contours  “drape”  over  the 
terrain  surfaces,  while  at  the  upper  height  levels  they 
become  more  flat.  This  is  apparent  in  examples  of  the 
next  sections.  The  coding  changes  are  well 
documented  and  few  so  that  maintenance  for  new 


CODE  MODIFICATIONS  REQUIRED  FOR  BFM 

We  would  like  to  implement  Vis5D  without 
any  code  changes.  This  would  facilitate  very  simple 
software  maintenance  by  total  Vis5D  code  replacement 
as  new  versions  of  Vis5D  are  released.  Unfortunately, 
however,  minor  coding  changes  are  necessary  to 
accommodate  the  correct  “terrain-following”  height  at 
which  BFM  forecasts  are  made.  In  BFM  each  of  the 
16  layers  is  specified  as  a  “height  above  ground  level”. 
But  at  each  horizontal  location  this  means  that  the 
actual  layer  height  relative  to  sea  level  will  vary  with 
terrain.  So  the  data  layers  are  not  flat.  The  scaling 
convention  is  such  that  the  highest  (say  16th)  layer  is 
flat,  while  the  lowest  (1st)  layer  conforms  almost 
exactly  to  the  topography.  The  corrected  vertical  layer 
height  Zmsi  above  sea  level  in  terms  of  the  BFM 
relative  layer  height  above  ground  level  Zagi  at  a  point 
where  the  terrain  elevation  above  sea  level  is  Zter  is 
defined  as: 

z„si = z,„ + 1  •  - z.„)  (1) 

/  "maxagi  J 


Vis5D  versions  is  relatively  simple.  Furthermore,  if  a 
user  downloads  VisSD  from  the  University  of 
Wisconsin  and  uses  it  without  the  BFM  layer 
corrections,  then  the  BFM  data  are  still  viewable,  but 


Figure  10.  Both  "Topo”  and  "Texture"  On 


382 


all  BFM  data  appear  as  flat  layers  with  height  relative 
to  the  bottom  of  the  Vis5D  viewing  box.  (Although  in 
this  case  low-level  data  may  appear  “below”  terrain.) 

DATA  INTERFACE 

As  BFM  itself  is  upgraded  and  new 
meteorological  variables  are  produced,  one  would  like 
to  be  able  to  easily  display  these  data  in  Vis5D. 
Therefore,  an  intermediate  code  to  reformat  BFM  data 
into  the  input  convention  of  Vis5D  was  produced.  This 
separate  conversion  filter  routine,  called 
BFMjoJVSD.Fy  reads  an  ascii  file  that  is  easily 
modified  using  any  text  editor.  The  ascii  file  contains  a 
list  of  all  possible  data  labels  and  units  (currently  37), 
flags  the  active  BFM  output  meteorological  variables 
(currently  13),  designates  units  conversions,  and 
specifies  the  order  in  which  variables  occur  in  the  BFM 
output  file.  The  conversion  filter  then  reformats  the 
data  into  a  form  that  can  be  loaded  directly  into  Vis5D, 
along  with  the  “button  labels”  (up  to  30)  seen  in  the 
bottom  portion  of  the  Vis5D  menu.  This  filter  thus 
allows  one  to  easily  take  into  account  BFM  code 
upgrades  and  changes  without  a  need  to  modify  either 
BFM  or  Vis5D  for  viewing  the  new  data. 

(In  spring  1997,  ARL  will  change  over  from 
reading  BFM  output  files  directly  and  will  instead 
query  a  database  which  is  populated  with  BFM  outputs. 
Thus,  the  conversion  filter  routine  will  be  modified  to 
accommodate  any  meteorological  data  in  the  database 
itself.  After  this  change-over  is  complete  it  should  not 


Figure  11.  Example  of  Wind  Speed  Contours 


Figure  12.  Water  Vapor  Pressure  Contours 


Figure  13.  Wind  Streams  at  Two  Levels 


matter  what  the  source  of  the  data  are  in  the  database, 
whether  from  a  forecast  model  or  from  a  gridded  set  of 
observations.  Changes  in  new  versions  of  Vis5D 
rendering  routines  will  still  be  required,  however,  to 
take  the  corresponding  BFM  vertical  layer  height 
scaling  convention  into  account.) 

EXAMPLES 

Figure  11  shows  a  wind  speed  contour  at  a 
low  height  over  the  map  and  topo  displays.  In  this 
example,  Vis5D  with  no  code  modifications  has  been 
used  so  the  data  contours  pass  “beneath  the  mountain”. 
Figure  12,  however,  shows  near-surface  water  vapor 
pressure  contours.  Here  the  Vis5D  code  has  been 
modified  to  include  the  BFM  height  AGL  corrections. 
The  data  thus  “drape”  over  the  mountains  Figure  13 
displays  wind  streams  at  two  heights.  Note  that  the 
wind  fields  show  significant  turning  between  the  300 
and  3000  m  heights.  Vis5D  allows  data  at  multiple 
levels  to  displayed  (from  default  buttons  or  by 
“cloning”  with  the  “new  variable”  button.)  Thus,  the 
analyst  can  identify  significant  features  and  capture  an 
image  of  them  for  use  in  weather  briefings  and 
homepages.  Figure  14  shows  that  Vis5D  can  also 
display  the  wind  as  vectors,  showing  both  speed  and 
direction  for  each  layer. 
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Figure  14.  Near-Surface  Wind  Vectors 


The  examples  thus  far  are  from  the  IMETS 
forecasts  at  JWID-96.  Figure  15  is  an  accumulated 
rainfall  forecast  for  the  Ft.  Hood  area  in  preparation  for 
Task  Force  XXI  exercises.  The  data  are  displayed  in 
Vis5D  as  both  labeled  contours  and  as  colorized 
contour  areas.  This  combination  thus  displays  both 
quantitative  reference  contours  and  also  the  detail  in 
the  gradual  (256  color-palette)  shading. 

Figure  16  shows  that  line  and  area  contours 
can  also  be  displayed  as  a  slice  in  the  vertical.  Colored 
wind  speed  contours  above  the  mountain  are  shown 
along  with  wind  streams  at  two  horizontal  levels. 


Figure  15.  Accumulated  Precipitation 


Currently  IMETS  has  been  “isolated”  to  the  tactical 
operations  centers  on  the  battlefield  and  to  ACHS 
hardware  and  software.  Under  this  STO  we  will  not 
only  make  the  IMETS  assets  available  to  the  outside 
simulation  communities,  but  will  also  use  models  and 
simulations  to  make  new  derived  environmental  effects 
parameters  and  weather  impacts  available  to  EMETS. 


FUTURE  DERIVED  EFFECTS  DISPLAY 

A  new  Army  Science  and  Technology 
Objective  (STO),  Weather  Effects  and  Battlescale 
Forecasts  for  Combat  Simulation  and  Training,  has  the 
objective  of  making  the  IMETS  capabilities  an  asset 
for  use  in  mission  planning,  training  and  simulations. 


Figure  16.  Wind  Speed  Area  Contour  in  Vertical 


Examples  of  simple,  derived  parameters  are 
shown  in  Vis5D  displays  in  Figures  17  through  19.  Air 
temperature  T  (°C)  can  be  derived  from  the  BFM 
potential  temperature  0  (®K)  and  pressure  P  (mb)  from: 
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and  the  optical  refractivity  N,  required  to  compute 
refractive  bending,  can  be  derived  for  a  wavelength  X 
(|im),  the  pressure  P  (mb),  temperature  T  (°C)  and 
water  vapor  pressure  f  (mb)  from: 

N  =  (n  - 1)  •  10‘  =  A(A,)  •  G(P,  X)  -  B  (>.)  •  H(f ,  T)  (3) 
where  n  is  the  index  of  refraction  and: 
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H(f ,  T)  = - - -  (7) 

^  ^  1  +  0.003661  T 

Figure  17  displays  forecast  refractivity  as 
contours  at  two  levels  above  ground  as  derived  from  a 
BFM  forecast.  The  small  compact  region  of  contours 
at  an  upper  level  in  Fig.  17  is  shown  in  Fig.  18  to  be 
due  to  a  forecast  region  of  high  liquid  water  content 
(clouds).  Figure  18  shows  a  VisSD  isosurface  of 
constant  liquid  water  content,  the  wind  stream  at  a  high 
altitude,  and  a  semi-transparent  contour  of  refractivity 
at  a  near-surface  level  that  allows  the  underlying  map 
to  show  through.  VisSD  allows  many  surfaces  (area 
contours  and  isosurfaces)  to  be  rendered  with  a  user- 
adjusted  semi-transparency.  This  is  especially  useful  if 
several  variables  are  being  displayed  simultaneously, 
with  one  set  of  features  that  would  otherwise  be  hidden 
by  another. 

Another  derived  parameter  for  atmospheric 
effects  is  sound  speed  V  (in  m/s): 

V  =  331.45  •  .Jl  +  (T/273.16)  (9) 

Figure  19  shows  the  derived  sound  speeds  at  two  levels 
above  ground.  While  sound  speed  itself  may  not  be 
too  relevant  an  atmospheric  effects  quantity,  the  STO 
will  eventually  make  available  the  outputs  of  detailed 
models  such  as  range-attenuated  sound  propagation. 
Figure  20  shows  the  output  from  the  ARL  Scanning 
Fast-Field  Program  (SCAFFIP,  Noble  1991)  acoustic 
model  in  which  the  wind  direction  and  vertical  changes 
in  the  wind  speed  also  play  major  roles.  The  color 
contours  show  preferential  propagation  directions. 
(Fig.  20  shows  attenuation  with  range  over  different 
compass  headings.)  One  challenge  is  to  find  a  way  to 
display  such  range  and  direction-dependent  area 
contours  in  a  3-D  viewer. 


Figure  19.  Sound  Speed  at  Two  Levels 


Figure  17.  Refractivity  at  Two  Levels 


Figure  18.  Refractivity  and  Liquid  Water  Content 


Figure  20.  Acoustic  Propagation  from  SCAFFIP 
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Figure  21.  Modeled  Clouds  Seen  from  Below 


Another  example  of  a  future  capability  is  to 
display  natural  clouds  along  with  various  properties 
such  as  concentration,  transmission  and  radiance. 
Figures  21  and  22  show  modeled  clouds  based  on  their 
transmission  and  radiance  (Tofsted,  1996)  on  the  left 
and  top,  and  Vis5D  display  of  cloud  liquid  water 
content  (concentration)  contours  on  the  right  and 
below.  In  future  such  data  may  also  be  derived  from 
satellite  imagery  and  forecast  liquid  water  content. 


Figure  22.  Modeled  Clouds  from  the  Side 
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PERFORMANCE  CONSIDERATIONS 
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INTRODUCTION 

The  Defense  Modeling  and  Simulation  Office 
(DMSO)^  is  currently  developing  the  Modeling 
and  Simulation  Resource  Repository  (MSRR). 
The  purpose  of  the  MSRR,  as  defined  in  their 
World  Wide  Web  (WWW)  site^,  is  to  provide  a 
“collection  of  computer  resources  and 
information  which  will  assist  the  Modeling  & 
Simulation  Community  in  commimication  and 
information  sharing”.  They  also  indicate  it  will 
be  “implemented  as  a  series  of  WWW  servers 
available  through  the  Internet  or  the  Defense 
Data  Network  (DDN)”.  As  part  of  the  MSRR 
services,  there  will  be  a  repository  of  detailed 
information  on  the  different  models  and 
simulations  available  at  the  Department  of 
Defense  (DoD).  This  repositoiy  of  resources 
will  be  accessed  via  the  WWW  and  will  allow 
comprehensive  search  through  the  different 
catalogs  and  directories.  The  search  will  be 
possible  by  browsing,  entering  text,  or  using  a 
text  database  query.  As  part  of  the  MSRR,  a 
network  of  at  least  nine  servers  is  contemplated, 
each  dedicated  to  different  information,  or 
modeling  and  simulation  domains. 


^  URL  for  DMSO  is:  http://www.dmso.mil 
^  URL  for  MSRR  information  is:  http://mercuiy- 
www4.nosc.mil/msrr/about/whatis.htm 


DEMS/A&S 

Our  current  effort  involves  the  development  of  a 
catalog/database  of  atmospheric  and  space 
environmental  models  to  be  located  under  the 
MSRR.  It  will  be  named  the  Database  of 
Environmental  Models  and  Simulations  /  Air  and 
Space  (DEMS/A&S).  In  the  future,  DEMS/A&S 
will  include  all  key  DoD  models  and  simulations 
related  to  the  air  and  space  natural  environments. 
The  information  available  at  DEMS/A&S  will  be 
detailed  enough  to  allow  users  and  developers  to 
search  the  database  and  determine  which  models 
and  simulations  best  apply  to  the  solution  of  a 
particular  technical  problem. 

This  program  was  initiated  and  funded  by 
DMSO,  but  is  being  managed  by  the  Executive 
Agent  for  Air  and  Space  Natural  Environment. 
The  program  manager  is  Mr.  Gary  B. 
McWilliams^  currently  located  at  the  Air  Force 
Combat  Climatology  Center  in  Scott  Air  Force 
Base,  IL.  DMSO  conceived  DEMS/A&S  as  a 
tri-service  program,  covering  all  environmental 
models  and  simulations  of  importance  to  the 
three  branches  of  the  Armed  Forces.  As 
evidence  of  this  approach,  DMSO  contemplates 


^  Internet  address:  mcwillig@thunder.safb.af.mil 
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the  addition,  in  the  near  future,  of  models  and 
simulations  related  to  oceans  and  terrains. 

RELATED  EFFORTS:  E^DIS  AND  MEL 

DMSO  has  also  sponsored  two  other  major 
efforts  related  to  DEMS/A&S.  These  are  the 
Master  Environmental  Library  (MEL)  and  the 
Environmental  Effects  for  Distributed  Interactive 
Simulation  (E^DIS).  As  described  in  their  home 
page,  MEL"^  is  an  MSRR  node  with  a 
“distributed  environmental  data  access  system 
which  allows  users  to  search  for,  browse,  and 
retrieve  environmental  data  from  distributed 
sources.”  It  is  a  single-location  access  to 
metadata  or  information  about  all  environmental 
data  residing  at  multiple  regional  sites.  Through 
the  use  of  keywords,  location  and  time,  a  user 
can  determine  what  data  is  available  and  where  it 
is  located.  In  addition,  facilities  for  requesting 
the  data  are  provided. 

The  E^DIS  had  eight  tasks,  one  of  which 
included  a  Survey  Task.  Burgeson,  Piwowar, 
and  Try  (1996)  report  three  objectives  for  the 
Survey  Task:  “to  develop  a  baseline  of  the 
Military  Services’  current  requirements  for 
incorporation  of  the  atmosphere  and  near-space 
environment  and  their  effects  in  military  models 
and  simulations  (the  Requirements  Survey),  to 
identify  atmospheric  and  near-space 
environmental  models  and  databases  that  are 
currently  available  from  the  services  (the 
Capabilities  Survey),  and  to  compare  the  results 
from  both  survey  efforts  and  make  appropriate 
recommendations.”  Thus,  the  emphasis  of  the 
E^DIS  Survey  Task  consisted  in  the 
identification  of  current  requirements  needed  for 
the  incorporation  of  data  into  military  models 
and  simulations.  As  a  result,  E^DIS  studied  the 
gap  between  model  and  simulation  data 
requirements  and  currently  available  data.  It 
provided  recommendations  concerning  the 
reduction  of  the  difference  between  required  and 
available  data  for  models  and  simulations. 

DEMS/A&S  uses  the  excellent  and 
comprehensive  information  gathered  by  the 
E^DIS  Survey  Task  as  a  starting  point  for 
identifying  available  models  and  simulations. 

^  URL  for  MEL  is:  http://www- 
mel.nrlmry.navy.mil/ 


Additional  information  is  gathered  and  provided 
for  the  models  and  simulations.  Contrary  to 
E^DIS  ,  however,  our  concern  is  with  providing 
detailed  information  about  the  models  and 
simulations  and  not  with  the  difference  between 
required  and  available  model  data. 

SELECTION  CRITERIA 

Several  selection  criteria  were  developed  to 
accept  models  and  simulations  in  the 
DEMS/A&S.  Agencies  responsible  for  the 
development,  maintenance,  and  use  of  the 
models  and  simulations  had  to  follow  these 
guidelines.  They  were: 

1)  Frequency  of  use  -  This  is  an  indicator  of  the 
importance  of  a  model  or  simulation.  In  general, 
models  which  are  run  daily  are  more  important 
to  an  agency  than  those  that  those  run  monthly 
or  yearly. 

2)  Model  acceptance  within  the  air  and  space 
communities  -  Model  acceptance  within  the 
community  can  be  shown  by  a  formal 
Independent  Validation  and  Verification  (IV&V) 
process.  Many  of  the  environmental  models, 
however,  have  not  gone  through  this  formal 
process.  By  their  nature,  they  are  in  the  research 
and  development  stage.  Model  acceptance  is 
shown  by  the  confidence  placed  by  the 
community  of  experts  who  have  submitted 
model  physics  and  results  to  close  scrutiny. 
When  these  results  are  found  to  be  in  close 
agreement  with  observations,  under  a  wide 
variety  of  conditions,  the  community  of  experts 
“accepts”  the  model  or  simulation  and  places 
confidence  in  its  results. 

3)  Model  maintenance  -  The  importance  of  a 
model  to  a  development  agency  is  indicated  by 
the  dedication  of  resources  to  maintain  a  model. 
Additional  evidence  for  its  importance  comes 
from  plans  to  continue  model  maintenance  in  the 
future. 

4)  Activation  during  crisis  or  combat  -  Some 
models  which  are  not  run  frequently  become 
very  important  during  times  of  crisis.  Their 
importance  to  a  development  agency  derives  not 
from  the  frequency  of  use,  but  from  the 
circumstances  under  in  which  it  is  used. 
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5)  Education  and  training  -  Many  models  and 
simulations  are  widely  used  for  education  and 
training  purposes.  They  derive  their  importance 
from  the  fimction  they  accomplish  and  the  wide 
familiarity  of  the  community  with  them. 

6)  Model  information  -  The  more  information 
that  is  available  about  a  model,  the  easier  it  will 
be  for  the  community  of  potential  users  and 
developers  to  evaluate  the  model’s  suitability  to 
task.  The  information  will  be  gathered  through 
site  visits,  manuals,  open  literature,  or 
interviews. 


DEMS/A&S  ARCHITECTURE 

Database  structures  for  DEMS/A&S  will  be 
implemented  in  Oracle  V  7.x.  It  is  our  intent  to 
maintain  the  database  structure  utilizing  the 
latest  commercially  available  versions  of  Oracle. 
The  design  calls  for  a  user-friendly  graphical 
user  interface  (GUI)  that  supports  diverse 
functions.  A  complete  set  of  functions  will  be 
available  including,  among  others,  browsing, 
entry,  edit,  search,  sorting  and  printing. 

DEMS/A&S  will  also  seamlessly  support  various 
levels  of  user.  Some  users  will  have  the 
privilege  of  entering  or  erasing  data  concerning 
the  model  or  simulation  for  which  they  are 
responsible.  Others  will  only  have  access  to  the 
information  without  the  capability  of  changing 
it.  In  addition,  the  capability  of  storing  and 
showing  classified  information  to  specific 
authorized  users  will  be  available.  When 
exploring  DEMS/A&S,  unauthorized  users  will 
not  even  be  aware  that  classified  or  sensitive 
information  exists  in  fields  inaccessible  to  them. 

As  part  of  the  MSRR  network  of  servers, 
DEMS/A&S  will  consist  of  a  Local  Area 
Network  (LAN)  and  a  WWW  version.  Within 
the  MSRR  there  will  be  a  series  of  LAN  nodes 
containing  databases  for  the  different  domains. 
Figure  1  illustrates,  in  the  outer  ring,  the 
different  LAN  domains.  For  example,  the  Army, 
Navy,  Marines,  and  Ballistic  Missile  Defense 
Organization  (BMDO)  will  each  have  their  ovm 
Relational  DataBase  Management  System 
(RDBMS)  node.  Other  organizations,  as 
approved  by  DMSO,  will  also  have  their  own 
LAN  RDBMS.  DEMS/A&S  will  be  one  of  the 
LAN  domains,  forming  part  of  the  local 


environments  domain.  In  the  future,  terrain  and 
oceans  data  will  be  added  as  environmental 
extensions.  These  LAN  nodes  will  be  fully 
customizable.  The  organizations  responsible  for 
node  maintenance  will  have  full  control  over  the 
information  shown  locally.  In  Figure  1,  for 
example,  a  cost  data  extension  for  the  Navy 
domain  is  presented.  Although  this  data  will  be 
available  to  LAN  users,  it  will  NOT  be 
accessible  in  the  WWW  version. 

Local  domains  will  export  and  import  data  to  a 
centralized  Oracle  RDBMS.  This  centralized 
modeling  and  simulations  database  will  be 
publicly  available  in  the  WWW  to  users.  It  is 
represented  as  the  inner  ring  in  Figure  1.  A 
graphical  interface,  illustrated  in  the  intermediate 
ring  in  Figure  1,  will  present  the  information  to 
WWW  users.  It  is  important  to  emphasize  that 
only  that  data  which  the  LAN  administrator 
specifically  wants  exported  to  the  WWW  will  be 
displayed. 


Figure  1.  MSRR  architecture  showing  the  LAN 
and  WWW  versions.  Local  domains  are 
illustrated  in  the  outer  ring.  The  WWW  data 
shown  in  the  inner  ring  will  be  displayed  to 
general  users  through  a  GUI  (intermediate  ring). 


LAN  AND  WWW  VERSION  PROPERTIES 

The  LAN  version  will  have  the  standard 
Microsoft®  look  and  feel.  It  will  have  browser 
tab  views  leading  to  different  information 
categories  for  the  model  or  simulation.  Left-side 
lists  will  contain  the  results  of  specific  queries 
for  models  with  specific  characteristics.  These 
lists  and  their  results  will  remain  available  as  the 
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user  selects  and  displays  information  for  the 
different  models.  Consequently,  there  will  be  no 
need  to  conduct  the  search  again  as  the  user 
moves  from  one  model  or  simulation  to  another. 

Navigation  in  the  LAN  version  will  be  controlled 
through  the  use  of  menus.  Access  control  at  the 
menu,  window  and  tab  levels  will  also  be 
available. 

The  WWW  version  will  inherit  its  appearance 
from  the  LAN  version.  As  a  result,  it  will  have 
the  same  look  and  feel.  The  WWW  version  will 
also  have  link  navigation,  taking  the  user  to 
specific  web  sites  provided  by  the  LAN 
domains.  The  general  public  will  only  have 
browsing  capabilities  in  the  WWW  version. 
Edit  capabilities  will  only  be  possible  through 
the  LAN  domains  for  authorized  users. 


INFORMATION  ON  CANDIDATE  MODELS 
AND  SIMULATIONS 

Information  on  the  different  models  and 
simulations  to  be  included  in  DEMS/A&S  will 
be  acquired  through  direct  site  visits  of 
developer  facilities.  During  the  visits, 
developers  will  be  interviewed  and  they  will  be 
requested  to  fill  out  questionnaires.  In  addition, 
documentation  concerning  the  model  or 
simulation  will  be  collected. 

In  lieu  of,  or  in  addition  to  direct  site  visits, 
model  or  simulation  proponents  will  be  given  the 
option  of  completing  an  on-line  questionnaire  or 
to  submit  information  by  fax,  e-mail  or  regular 
mail. 

DEMS/A&S  should  be  considered  as  a  vehicle  to 
disseminate  information  regarding  models  and 
simulations  to  the  community  of  users  and 
developers.  All  information  concerning  the 
models  belongs  to  the  proponents  and  will  be 
reviewed  by  them  before  it  is  made  available  on 
the  WWW.  Proponents  will  also  be  asked  to 
review  the  available  information  periodically  to 
check  for  its  accuracy  and  to  provide  updates. 
As  DEMS/A&S  developers,  we  will  not  generate 
any  information  or  data  about  the  models  that 
has  not  been  provided  by  the  responsible 
developing  agencies.  In  addition,  we  will  not 
supply  any  code  to  interested  users.  That  would 
only  be  done  by  the  responsible  agencies. 


IN-DEPTH  EVALUATION 

An  in-depth  evaluation  of  two  models  will  be 
performed  to  characterize  their  principal 
algorithms.  The  purpose  of  the  evaluation  is  to 
characterize  the  model  in  greater  detail.  In  order 
to  subsequently  enhance  the  database  structure 
and  design  to  best  represent  all  models  and 
simulations.  Another  important  consideration  is 
the  exploration  of  how  to  best  incorporate 
algorithm  information  with  a  view  towards 
facilitating  algorithm  re-use  in  the  fixture.  Under 
consideration  for  this  more  detailed 
characterization  are  an  atmospheric  mesoscale 
weather  prediction  model  called  the  Coupled 
Ocean/Atmosphere  Mesoscale  Prediction  System 
(COAMPS)  from  the  Naval  Research 
Laboratory,  Monterey,  and  GEOspace  from 
Phillips  Laboratory,  Hanscom  AFB. 

STATUS  OF  DEMS/A&S 

Tbe  database  structure  for  DEMS/A&S 
continues  to  be  developed.  Although  it  has 
substantial  similarities  to  the  structure  of  the 
other  MSRR  domains,  it  will  also  have  unique 
information  tailored  to  the  atmospheric  and 
space  models  and  simulations.  An  on-line 
version  of  the  survey  questionnaire  is  available 
for  WWW  viewing  and  entry  using  standard  web 
browser  software.  The  URL  for  this  WWW 
version  of  the  survey  is  available  through  e-mail 
request  to  either  jmedeiro@colsa.com  or 
mcwillig@thunder.safb.af.mil.  This  method  will 
enable  proponents  to  submit  the  information 
about  their  model  or  simulation  right  from  their 
computer  without  the  need  to  fill  out  a  paper 
form. 

Another  activity  which  is  very  important  to  the 
acquisition  of  information  on  models  and 
simulations  are  site  visits.  At  present  several 
government  laboratories  have  been  visited.  In 
the  next  few  months  several  other  installations 
will  be  visited  where  model  and  simulation 
developers  will  be  interviewed. 

The  database  is  being  populated  using  the 
information  acquired  during  site  visits.  For 
some  models  and  simulations  data  extracted 
from  the  E^DIS  study  will  be  used  until  it  can  be 
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updated  with  more  recent  information  submitted 
by  model  developers.  In  addition,  efforts  are 
under  way  to  incorporate  the  DEMS/A&S  data 
into  the  WWW  application. 

It  is  important  that  the  DEMS/A&S  acquire 
information  on  as  many  atmospheric  and  space 
environmental  models  and  simulations  as 
possible.  We  urge  the  community  responsible 
for  the  development  of  atmospheric  and  space 
models  and  simulations  to  nominate  all  the 
relevant  models.  Nominations  should  be 
submitted  to  mcwillig@thunder.safb.afmil, 
medeiro@colsa.com,  or  enunez@colsa.com. 

In  the  future,  as  information  on  models  and 
simulations,  and  the  algorithms  they  contain, 
becomes  disseminated  through  DEMS/A&S, 
greater  use  of  already  existing  models  and 
algorithms  will  be  possible.  As  a  result, 
appreciable  monetary  and  time  savings  will  be 
possible  in  the  solution  of  environment-related 
problems. 
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Abstract 

The  Weather  and  Atmospheric  Visualization  Effects  for  Simulations  (WAVES)  suite  of  codes  is  an  inte¬ 
grated  series  of  computer  programs  designed  to  simulate  atmospheric  scattering,  absorption,  and  turbulence 
effects  on  electro-optical  imaging  systems.  An  adaptation  of  this  suite  has  been  initiated  to  visuahze  the 
appearance  of  synthetic  clouds  for  use  in  perspective  and  orthographic  cloud  view  generators.  The  primary 
models  developed  for  this  application  included  a  new  radiative  transfer  (RT)  module  optimized  for  dense 
cloud  calculations  and  modifications  to  the  Air  Force’s  CSSM  (Cloud  Scene  Simulation  Model)  (Ciancioio 
and  Rasmussen,  1992).  The  CSSM  update  included  incorporation  of  EOSAEL  CLTRAN  vertical  structure 
models  of  particle  size  distribution  mode  radii  and  imposition  of  horizontal  periodicity  to  allow  for  tiling  of 
cloud  features.  The  visualization  routine  accesses  data  output  formats  equivalent  to  those  in  WAVES.  It 
also  uses  a  random  cloud  density  field  equivalent  in  format  to  the  CSSM  output  for  finer  spatial  resolution 
than  the  RT  code  output.  RT  code  hmiting  path  radiance  results  are  thus  coupled  to  higher  detail  trans¬ 
mittance  results.  Reflection  of  incident  direct  and  diffuse  radiation  by  the  surface  is  also  included  in  the 
visualization  package,  so  cloud  shadows  may  be  properly  depicted. 

1.  INTRODUCTION 

For  some  years  the  effect  of  atmospheric  illumination  conditions  on  Army  electro-optical  systems  has 
focused  on  target  contrast.  This  emphasis  has  been  of  limited  scope  primarily  due  to  the  degree  of  so¬ 
phistication  of  radiative  transfer  models  available  for  determining  radiance  conditions  in  the  near  surface 
atmosphere.  Typically  these  models  have  tended  to  be  only  vertical  structure  models.  Further,  the  focus  has 
traditionally  been  limited  to  transmittance  or  contrast  transmittance  alone.  Several  models  are  also  focused 
on  various  extinction  sources  such  as  aerosols,  molecular  absorber  species,  and  Rayleigh  scattering. 

However,  the  usage  of  these  models  was  limited  in  that  one  could  not  develop  a  complete  understanding 
of  the  complex  interactions  between  observer,  sensor  response,  and  observed  objects  within  the  space  through 
which  the  light  travels.  For  instance,  the  textures  of  clouds  and  effects  due  to  dynamic  range  of  radiance 
changes  within  a  scene  are  masked  within  the  dimensionless  contrast  transmission  equation  approach.  Clouds 
are  also  more  than  featureless  objects  or  simply  clutter.  They  have  structure  of  their  own  which  tends  to 
complicate  a  scene,  creating  shadow  regions  resulting  in  dynamic  range  effects  on  systems,  and  producing 
spatially  varying  transmittance  and  path  radiance  effects.  Thus,  under  many  circumstances  1-D  models  may 
provide  reliable  results.  However,  for  more  general  cases  a  more  robust  code  is  needed. 

A  second  issue  relates  to  the  development  of  connectivity  between  the  traditional  application  of  electro- 
optical  analysis  methods,  and  weather  based  meteorology.  Many  studies  have  focused  on  sensitivity  to  various 
atmospheric  effects  as  opposed  to  predictive  type  tactical  decision  aids  to  determine  systems  effectiveness 
under  varying  battlefield  conditions.  With  the  advent  of  models  such  as  the  Battlescale  Forecast  Model 
(BFM)  and  COAMPS  for  predicting  detailed  information  about  the  weather  state  within  24-72  hours  it  is 
technologically  feasible  to  ask  questions  about  the  future  capabilities  of  systems  in  terms  of  when,  where,  and 
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with  what  to  fight.  In  this  type  application  arena,  we  might  attempt  to  predict  the  relationships  between 
numerical  weather  model  estimates  of  vertical  structures  of  humidity  and  temperature  on  a  horizontal  grid, 
and  the  vertical  structures  of  clouds  and  visibility  in  a  haze  layer.  Once  this  connectivity  is  established, 
evaluation  of  sensor  system  behavior  can  be  predicted  in  mission  planning. 

One  step  in  this  development  is  the  ability  to  generate  a  radiance  picture  of  the  environment,  given 
visibility  as  an  input  along  with  cloud  layering  information.  From  this  information  one  may  determine  the 
illumination  present  at  the  earth^s  surface,  positionally  varying  radiance,  and  thereby  develop  line  of  sight 
information.  In  addition  visualizations  of  a  synthetic  atmosphere  are  possible. 

2.  CURRENT  PROGRAM 

In  particular,  our  task  wais  to  generate  information  that  could  be  provided  to  a  terrain  perspective  view 
generation  system  called  PEGASUS.  Originally  PEGASUS  was  designed  to  replicate  the  performance  of  a 
UAV  or  a  FOG-M  missile.  This  simulation  requires  an  operator  to  direct  the  flight  of  a  vehicle  over  terrain 
looking  for  objects  at  or  near  ground  level.  Clouds  could  become  significant  limitations  on  the  ability  to 
acquire  targets  under  these  conditions.  To  simulate  these  effects  in  a  realtime  environment,  we  proposed 
the  development  of  a  cloud  overlay  system,  whereby  vertical  traces  would  be  performed  through  a  rendered 
cloud  volume  and  transmittance  and  limiting  path  radiance  would  be  calculated  along  each  line  of  sight. 
This  information  would  then  be  templated  down  into  a  compressed  form  where  each  16  mxl6  m  square  of 
the  template  would  represent  a  ‘pixel’  position  in  the  overlay.  The  templating  process  involved  a  palettized 
format  where  only  256  different  transmittance/path  radiance  indexed  pairs  were  retained  and  each  pixel 
point  was  mapped  into  one  of  these  indices.  This  process  was  necessary  to  accommodate  the  desire  of  the 
PEGASUS  developer  to  represent  a  64  kmx64  km  region  at  16  m  resolution. 

Also  needed  under  this  application  was  a  method  for  ensuring  that  we  could  evaluate  the  radiative 
transfer  model  outputs  without  overloading  the  capabilities  of  the  computers  at  hand.  To  generate  sufficient 
data  to  actually  model  a  64  km  squared  volume  would  take  enormous  computing  power  and  memory.  As  a 
substitute  a  method  was  developed  to  horizontally  wrap  the  results  of  the  cloud  density  mapping  program, 
and  the  radiative  transfer  program,  such  that  the  results  could  be  tiled  over  the  terrain. 

To  accomplish  this,  the  RT  program  was  designed  with  an  optional  periodic  boundary  condition.  The 
initial  radiation  presented  to  each  modeled  cell  of  the  volume  was  computed  by  horizontally  wrapping  the 
density  information  such  that  when  a  direct  ray  traced  toward  the  source  of  direct  radiation  (the  Sun  or 
Moon)  left  one  of  the  sides  of  the  modeled  volume,  the  computation  was  continued  on  the  opposite  side 
of  the  volume  continuing  on  in  the  same  direction.  Similarly,  during  the  iterative  calculation  process  used 
to  evaluate  the  diffuse  streams  present  within  the  volume  elements,  diffuse  streams  exiting  one  side  of  the 
volume  were  used  to  initialize  the  same  stream  directions  at  the  outer  walls  in  corresponding  cells  on  the 
opposite  side  of  the  volume. 

Periodicity  was  also  imposed  on  the  results  being  computed  by  the  CSSM  code.  CSSM  is  designed  to 
ingest  information  about  cloud  type,  cloud  layer  base  height,  layer  depth,  and  percentage  cloud  cover  by 
layer,  and  output  a  3-D  gridded  field  of  cloud  liquid  water  content  data.  We  used  the  1992  version  of  this 
model  (CSSM92),  which  has  since  been  updated,  but  which  apparently  exhibits  the  same  features  as  the 
version  we  used.  The  cloud  field  is  generated  using  a  rescale-and-add  (RSA)  fractal  generator.  This  process 
involves  a  characterization  of  each  cloud  type  according  to  a  fractal  dimension,  a  lacunarity  parameter,  and 
characteristic  length  and  time  scales.  Unfortunately,  this  RSA  approach  is  incompatible  with  a  periodic 
conditioning  of  the  calculated  data. 

A  crude  forcing  of  periodicity  was  nevertheless  imposed  on  the  cloud  liquid  water  content  data.  Doubtless 
this  has  corrupting  effects  on  the  overall  statistics  of  the  fractal  structure  of  the  cloud  fields  themselves, 
however  it  is  believed  that  this  structural  damage  must  be  accepted  to  avoid  the  worse  consequences  of 
using  aperiodic  data  in  a  periodic  RT  code,  and/or  subsequent  tiling  applications.  In  particular,  cases  were 
developed  before  the  imposition  of  the  periodic  boundary  conditions  in  which  clouds  were  generated  that 
abruptly  ended  at  the  boundaries  of  the  volume.  The  subsequent  appearance  of  these  clouds,  where  a  quarter 
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pie  shaped  cloud  appears  in  the  corner  of  the  volume,  with  solid  and  flat  vertical  walls  of  cloud  along  the 
volume  boundary  was  deemed  a  worse  penalty,  in  terms  of  model  fidelity,  than  the  consequences  of  fractal 
structure  corruptions  within  the  CSSM  model  itself. 

The  method  used  to  impose  periodicity  was  to  modify  the  sampling  method  used  internally  by  CSSM. 
At  the  subroutine  level  a  series  of  2-D  arrays  are  maintained  which  characterize  the  base  height  fluctuations, 
vertical  heating  function,  vertical  motion  function,  etc.  for  each  cloud  layer.  In  the  original  model  the  means 
of  generating  these  random  fields  involved  a  single  call  to  an  RSA  algorithm  for  each  statistic  at  each  point. 
Appropriate  scalings  of  the  horizontal  dimensions  are  used  to  account  for  distance  correlations  that  differ 
depending  on  direction.  Let  us  call  this  functional  dependence  y/cr^,  iJ,  r),  where  the  output  of  the 

RSA  algorithm  Q  is  modeled  as  a  function  of  the  horizontal  {x  and  y)  dimensions  of  the  position  within  the 
volume,  normalized  by  the  scale  lengths  <Jx  and  along  with  the  Hurst  parameter  H  and  the  lacunarity 
parameter  r.  In  the  modified  approach  developed,  several  calls  were  made  to  the  generator,  and  used  in  a 
weighted  average  summation. 


To  accomplish  the  weighted  averaging  process,  the  weighting  function 

Y/(^x)  =  I  |[sin(7ra:)  -f  1],  if  — -  <  a?  <  |; 

1 0,  otherwise, 

is  employed.  Let  X  and  Y  denote  the  maximum  horizontal  dimensions  of  the  volume  to  be  modeled.  Then 
the  modified  output  from  the  routine  calling  the  RSA  algorithm  is  obtained  by  the  sum  of  terms 


i=l 


q'=Y^ 


{x  +  iX) 


X 


1  J=1 

■'  i=-i 


(y  +  jY) 


Q[{x  +  iX)/a^,  iy  +  jY)/cry,  H,  r]. 


Due  to  the  weighting  function’s  form,  minimal  distortion  is  created  in  the  RSA  results  near  the  center  of  the 
modeled  region.  However,  near  the  midpoints  of  the  sides  of  the  volume  2  regions  are  being  averaged  together, 
and  at  the  corners  of  the  volume  4  samples  are  being  averaged  together.  Because  the  random  process  being 
modeled  has  increased  variance  with  increasing  distance,  when  more  than  one  sample  is  averaged  the  local 
correlations  are  reduced.  In  sample  cases  this  has  resulted  in  small  patchy  clouds  around  the  volume  boarder, 
of  noticably  shorter  scale  lengths  than  the  overall  structures  of  clouds  near  the  center  of  the  volume.  As  this 
was  only  a  temporary  solution  to  the  problem,  there  should  be  some  means  of  repairing  the  damage  to  the 
fractal  structure  by  variable  smoothing. 

A  second  stage  in  the  integration  of  the  CSSM92  output  as  input  to  the  RT  code  involved  assessing  the 
scattering  properties  of  the  aerosols  predicted.  In  this  effort  a  series  of  preexisting  models  were  used.  These 
models  included  the  EOSAEL  routines  CLTRAN  (Low  and  O’Brien,  1987)  and  AGAUS,  and  the  EOSAEL 
database  PFNDAT  (Shirkey  et  al.,  1987).  CLTRAN  contains  a  series  of  vertical  structure  models  of  mode 
radius  and  liquid  water  content  as  functions  of  height  above  the  cloud  base.  In  CSSM92  the  only  structural 
dependence  of  liquid  water  content  based  on  height  is  given  as  a  function  of  temperature.  Since  the  database 
of  temperature  information  used  was  based  on  LOWTRAN7  vertical  profile  tables,  the  vertical  structure  of 
temperature  available  is  rather  coarse.  Thus  CSSM92  did  not  do  well  at  characterizing  vertical  structure 
of  most  non-cumulus  cloud  types.  Therefore,  the  CLTRAN  vertical  structure  models  were  substituted  into 
the  relevant  parts  within  CSSM92.  In  addition,  CSSM92  only  output  liquid  water  content  information.  But 
since  radiative  transfer  models  require  information  concerning  extinction  and  phase  function,  liquid  water  is 
usually  not  sufficient  to  characterize  the  scattering/absorbing  properties  of  the  clouds. 

Characterization  of  cloud  scattering  properties  was  limited  because  the  EOSAEL  PFNDAT  database 
of  phase  functions  contains  only  near  surface  aerosol  types.  The  other  available  database  of  cloud  phase 
function  information,  contained  within  LOWTRAN7,  is  somewhat  limited  in  that  it  uses  parameterizations 
based  on  the  Henyey-Greenstein  phase  function  to  characterize  scattering  properties.  But  this  tends  to 
restrict  the  ability  to  model  clouds. 

As  a  result  of  these  considerations,  an  approach  was  developed  to  augment  the  PFNDAT  data  set  by 
running  the  AGAUS  Mie  scattering  code  for  a  series  of  particle  size  distributions  suggested  by  the  analysis 
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contained  in  the  CLTRAN  model.  In  CLTRAN  the  particle  size  distributions  of  all  clouds  are  modeled  using 
a  modified  gamma  phase  function.  Let  N  be  the  number  density  of  aerosol  particles  per  unit  volume.  Then, 
let  n(r)  =  dN/dr  be  the  number  of  nominally  spherical  particles  of  radius  r  falling  within  a  range  dr  about 
r  in  a  unit  volume.  n(r)  is  called  the  particle  size  distribution,  which  for  a  modified  gamma  distribution  is 
given  by: 

dN 

n{r)  =  ——  =  A  r"  exp  [—br^] . 
dr 

All  the  particle  size  distribution  functions  in  CLTRAN  use  a  modified  gamma  distribution  function  with 
a  =  2  and  7=1,  and  where  A  and  6  are  functions  of  the  particle  distribution  mode  radius  r.  The  CLTRAN 
model  development  thus  gives  a  simple  method  for  characterizing  cloud  phase  functions:  by  running  AGAUS 
for  a  standard  liquid  water  content  value  at  varying  mode  radius  values. 

Twenty  new  phase  functions  were  developed,  where  mode  radius  varied  from  around  1  to  30  fim.  The 
use  of  CLTRAN  vertical  structure  models  of  mode  radius  within  CSSM  allows  the  characterization  of  the 
phase  function  and  the  optical  extinction  properties  of  clouds  as  functions  of  position  with  a  simple  extension 
to  CSSM. 

The  phase  functions  created,  along  with  the  phase  functions  contained  in  PFNDAT  were  then  analyzed 
using  a  processing  routine  to  express  their  angular  behavior  as  a  Legendre  series  expansion  and  a  forward 
scattering  peak  fraction.  When  evaluating  the  forward  peak  fraction  the  original  Legendre  coefficients, 
derived  by  analysis  of  the  phase  function,  must  be  modified. 

3.  PHASE  FUNCTION  DELTA  CORRECTION 

The  modification  of  phase  function  Legendre  coefficients  is  a  result  of  applying  the  forward  scattering 
correction.  Consider  a  general  expression  for  the  radiative  transfer  equation  as  given  by 

V/(^)  +  aI{Q)  =  zu(T  [  I(Q')  Q')  dQ'  + 

Ja-k 

Here,  1  is  the  radiance  in  the  direction  of  the  unit  vector  Q.  dQ>  represents  a  differential  solid  angle,  a  is  the 
extinction  coefficient,  w  is  the  single  scattering  albedo  (or  probability  that  a  scattering  event  occurs,  given  a 
collision  with  a  particle),  B  is  the  blackbody  function  of  temperature  and  wavelength.  Therefore,  the  second 
term  on  the  right  represents  emission  of  energy,  while  the  first  term  on  the  right  represents  scattering,  where 
wcr  equals  the  scattering  coefficient.  The  function  P(fi,  fi')  represents  the  probability  of  energy  entering 
from  direction  and  exiting  in  direction  Q  given  that  a  scattering  event  occurs.  This  function  is  also 
referred  to  as  the  phase  function. 

For  most  natural  aerosols  P  is  highly  peaked  in  the  forward  direction.  As  a  result  it  is  often  difficult 
for  a  low  order  Legendre  expansion  to  adequately  characterize  the  forward  scattering  properties  of  most 
aerosols.  Therefore,  a  typical  technique  used  to  improve  the  model  of  the  scattering  process  is  to  assume 
that  a  fraction  /  of  the  energy  actually  scatters  in  the  forward  direction,  and  model  this  portion  using  a  S 
function: 

P(^,  Q')  /  6{Q,  ft')  +  (1  -  /)  ^0. 

where  the  Legendre  components  of  the  P'  phase  function  have  been  altered  to  reflect  the  removal  of  the 
forward  peak. 

Introducing  this  form  for  the  phase  function  into  the  integral  on  the  right  hand  side  of  the  equation  of 
transfer  we  find: 

zua  f  /(ft')P(ft,  ft')c?ft'  =  xucrfI{Q)  +  “  /)  /  /(ft')P(ft,  ft')dft'. 

Jatc  J  At: 

Introducing  this  form  back  into  the  RT  equation,  we  can  translate  the  term  in  /(ft)  to  the  left-hand-side 
and  introduce  the  variables: 


a'  =  w' =  w{l- f)/{l-wf). 
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These  modified  forms  of  the  extinction  coefficient  and  single  scattering  albedo  allow  us  to  model  the  RT 
equation  using  the  same  form  as  the  original  equation,  except  that  the  forward  peak  to  the  phase  function 
has  been  removed.  This  approach  is  also  referred  to  as  a  scaling  transformation  (McKellar  and  Box,  1981). 
Space  does  not  allow, a  full  detailing  of  the  means  of  altering  the  Legendre  coefficients  here. 

4.  WAVES  MODELING  SUITE 

The  WAVES  (Weather  and  Atmospheric  Visualization  Effects  for  Simulations)  suite  of  codes  provided 
the  basis  for  generating  the  products  used  by  the  visualization  software.  WAVES  was  designed  initially 
for  characterization  of  illumination  conditions  and  line  of  sight  propagation  effects.  Products  were  also 
generated  from  WAVES  to  provide  formatted  information  on  cloud  shadowing  effects  over  terrain  and  3-D 
radiance  conditions  within  a  scattering  volume.  However,  the  radiative  transfer  model  contained  in  WAVES 
(the  BLIRB  (Boundary  Layer  Illumination  and  Radiation  Balance)  model)  was  optimized  for  optically  thin 
media  such  as  hazes.  When  this  model  was  applied  to  optically  thick  media,  such  as  clouds,  the  computer 
systems  on  which  the  models  were  run  did  not  contain  enough  RAM  to  treat  the  clouds  with  adequate 
resolution.  In  addition,  though  visualization  software  had  been  prototyped  under  WAVES,  this  software 
did  not  render  visually  realistic  cloud  scenes.  A  three-fold  program  was  therefore  followed  to  enhance  the 
performance  obtained  under  WAVES:  Conceptually,  the  first  phase,  previously  described,  augmented  the 
CSSM92  output  and  available  phase  function  databases  to  allow  cloud  characterization.  In  the  second  phase 
a  new  radiative  transfer  code  called  BLITS  (Boundary  Layer  Illumination  and  Transmission  Simulation) 
was  developed.  The  third  phase  involved  the  adaptation  of  a  visualization  code  previously  developed  to 
render  the  outputs  of  the  BEAMS  radiative  transfer  code  (Hoock  et  al.,  1992).  This  adapted  visualization 
code  has  been  named  VIS42,  since  it  is  designed  to  operate  on  WAVES  Fast  VIEW  preprocessor  formatted 
output  which  generates  limiting  path  radiance  information  using  a  set  of  42  directions.  Interpolations  are 
then  conducted  over  these  42  directions  in  each  modeled  cell  of  the  volume. 

5.  BLITS  RADIATIVE  TRANSFER  MODEL 

The  BLITS  model  has  been  optimized  for  treating  cloud  aerosols  of  any  density  within  each  scattering 
cell  of  the  modeled  volume.  The  model  is  designed  as  a  pure  radiative  transfer  model  with  all  information 
regarding  scattering  properties  of  the  individual  cells  being  passed  off  to  a  controller  module  at  a  higher  level 
in  the  coding  architecture.  In  our  case,  this  means  there  exists  a  model  (called  the  Applications  Implemen¬ 
tation  Manager  (AIM))  which  provides  a  user  interface,  calls  the  CSSM92  model,  generates  processed  input 
data  for  running  BLITS,  and  analyzes  the  outputs  of  BLITS,  in  a  single  overall  packaged  environment.  This 
means  that  BLITS  can  be  used  for  a  number  of  different  applications,  where  the  RT  model  stays  constant, 
but  the  interface  changes. 

The  main  routines  in  BLITS  ingest  the  input  data,  provide  output  to  various  files,  precompute  radiative 
transfer  properties  between  different  faces  of  each  scattering  cell  type,  evaluate  direct  radiation  transmitted 
from  the  top  of  the  modeled  volume  to  each  cell  wall  within  the  volume,  and  run  the  iteration  routine  that 
relaxes  the  system  toward  its  final  radiation  balance  state.  Due  to  the  large  amount  of  data  computed 
prior  to  starting  the  relaxation  routine,  no  complicated  exponentiation  operations  are  conducted  within  the 
inner  loops  of  the  model,  improving  model  performance.  However,  this  means  that  large  data  arrays  are 
maintained,  and  thus  only  a  limited  number  of  scattering  classes  are  allowed.  The  current  model  limits 
the  number  of  cell  types  to  80,  which  is  a  reasonable  number  for  the  64  MB  system  used.  For  a  volume 
4  km  deep  and  with  a  vertical  resolution  of  1/4  km,  or  16  layers,  this  means  that  if  each  of  the  horizontally 
homogeneous  haze  layers  is  provided  its  own  scattering  class,  only  64  classes  remain  with  which  to  classify 
the  other  cells.  Presumably  these  are  all  the  cells  containing  cloud  elements.  The  question  is  then  how  to 
characterize  the  remaining  cells.  The  solution  comes  via  a  pattern  recognition  algorithm  contained  in  the 
AIM  interface. 
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6.  VIS42  VISUALIZATION  CODE 


The  VIS42  visualization  program  is  designed  to  visualize  the  cloud  radiance  features  being  produced  by 
the  BLITS  model  and  its  post-processed  output.  To  accomplish  this  the  VIS42  model  reads  in  the  output 
data  from  BLITS  that  has  been  post- pro  cessed  into  a  form  identical  to  that  used  by  the  WAVES  Fast  VIEW 
object  code.  This  data  set  includes  the  output  of  a  templating  approach  similar  to  that  used  in  dividing  the 
volume  cells  into  different  cloud  types  to  be  input  to  the  BLITS  model.  To  begin,  each  scattering  cell  within 
the  volume  is  characterized  by  a  set  of  42  limiting  path  radiances  in  42  directions.  The  templating  scheme 
involves  generating  a  limited  set  of  42-component  vectors  which  characterize  the  directional  dependence  of 
these  limiting  path  radiances  across  the  volume.  Then,  when  the  output  data  for  a  given  cell  is  produced  all 
that  need  be  output  is  the  index  of  the  appropriate  template,  the  maximum  limiting  path  radiance  for  this 
cell,  and  the  transmission  coefficient.  The  header  to  the  Fast  VIEW  file  contains  the  information  concerning 
these  templates. 

VIS42  reads  this  data  set  and  develops  a  splining  interpolation  procedure  for  determining  the  limiting 
path  radiance  in  any  direction  of  user  interest.  VIS42  also  reads  an  output  that  provides  separate  transmit¬ 
tance  information  concerning  each  scattering  cell.  VIS42  has  the  option  of  using  data  in  the  transmission 
file  of  the  same  granularity  as  the  data  contained  in  the  Fast  VIEW  file,  or  using  the  high  resolution  trans¬ 
mission  file  data.  This  methodology  follows  an  approach  suggested  by  Hoock  et  al.  (1992):  Since  limiting 
path  radiance  is  generally  a  slowly  varying  function  of  position,  representing  an  integrated  quantity,  and 
since  transmittance  can  vary  rapidly  within  a  medium,  it  should  be  possible  to  couple  a  higher  resolution 
density  structure  calculation  to  a  coarse  resolution  radiative  transfer  solution  in  performing  a  rendering  task. 
In  our  test  cases  the  transmittance  data  were  available  at  1/16  km  resolution,  while  the  radiance  data  were 
computed  at  1/4  km  resolution. 

Using  this  approach,  the  transmission  data  file  representing  the  modified  extinction  coefficient  data  for 
the  cells  ((j')  is  output  to  a  file  identical  in  form  to  the  original  CSSM92  output  format.  This  data  is  then 
used  in  VIS42  in  a  first  phase  calculation.  In  this  phase,  for  an  orthographic  rendering  of  the  modeled 
volume,  a  maximum  of  three  outer  walls  of  the  rendered  volume  may  be  visible.  Points  are  chosen  at  the 
centers  of  each  of  the  fine  grid  transmission  data  outer  wall  cells.  For  each  of  these  points  a  line  of  sight 
is  traced  through  the  volume  to  determine  the  integrated  transmission  and  path  radiance.  The  code  then 
proceeds  to  a  second  phase. 

In  the  second  phase  the  image  rendering  is  accomplished.  Each  pixel  is  first  assigned  an  original  radiance 
value  according  to  some  algorithm.  In  the  current  implementation  the  8  kmx8  km  modeled  ground  is 
rendered  as  a  green  reflecting  surface.  If  the  observation  direction  is  downward  and  the  line  of  sight  is  oriented 
toward  a  point  on  the  surface,  the  surface  brightness  is  modeled  using  the  green  surface  reflectance  coefficients, 
along  with  illumination  information  passed  to  VIS42  via  the  IL.OUT  processed  surface  illumination  file.  This 
file  contains  surface  illumination  information  that  has  been  weighted  to  represent  the  normalized  ir radiance 
present  at  a  surface  element  characteristic  of  the  received  signal  of  a  sensor  modeled  by  a  weighting  response 
function.  For  any  point  that  is  not  part  of  the  surface  below  the  modeled  volume  a  second  set  of  results  is 
used.  This  set  represents  the  mean  diffuse  radiance  present  at  the  top  of  the  modeled  atmospheric  volume, 
as  weighted  according  to  the  same  sensor  response  function.  Once  the  initial  channel  based  radiances  are 
set,  the  code  looks  into  its  table  of  transmission  cell  centered  propagation  results  and  determines  a  subset  of 
these  results  that  represents  near  neighbors  in  terms  of  distance  on  a  plane  through  which  a  series  of  parallel 
lines  of  sight  are  drawn  through  the  modeled  volume.  Given  this  set  of  near  neighbors,  the  algorithm 
determines  weight  factors  of  these  neighboring  points  and  determines  the  weighted  sum  of  transmission  and 
path  radiance  effects  to  apply  to  this  pixel.  Once  a  weighted  sum  is  computed,  the  results  are  divided  by 
the  total  weight  factor,  the  initial  radiance  value  is  multiplied  by  the  net  transmittance,  and  the  net  path 
radiance  is  added,  channel  by  channel.  For  example,  a  human  eye  perceives  effects  using  red,  green,  and 
blue  color  channels.  Thus  the  routine  would  determine  3  applied  weighted  transmittance/path  radiance  sets 
which  would  be  applied  individually  to  the  different  channels  to  determine  the  final  pixel  color  value. 

Pixel  values  are  first  computed  using  channel-based,  floating  point  radiance  units.  Once  all  pixel  results 
have  been  evaluated,  the  results  are  converted  to  an  integer  pixel  scale  by  finding  the  maximum  floating 
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Figure  1;  Comparison  of  BLITS  radiative  transfer  model  performance  with  Monte  Carlo  model  results. 


point  result  in  any  of  the  up  to  three  color  channels  and  mapping  this  value  into  a  number  255.999.  All 
other  results  are  mapped  linearly  with  respect  to  this  mapping  into  the  same  range.  Following  this  mapping 
all  results  are  truncated  to  integer  results,  ensuring  that  the  final  image  pixel  values  are  limited  to  the  range 
of  0  to  255,  which  is  a  24-bit  (8  bits  per  color  channel)  color  image. 

7.  RESULTS 

The  radiative  transfer  program  briefly  described  above  was  run  and  compared  with  the  results  of  a 
Monte  Carlo  model.  The  scenarios  tested  were  equivalent  to  the  scenarios  developed  by  McKee  and  Cox 
(1974).  The  shape  of  the  scattering  volume  was  cubical.  A  pure  scattering  medium  {w  =  1)  of  up  to  75 
optical  depths  thickness  along  one  axis  was  used.  The  exterior  to  the  volume  was  considered  a  black  void, 
except  for  a  uniform  plane  parallel  source  of  direct  radiation  incident  at  the  top  of  the  volume  with  a  varying 
zenith  angle  of  0®,  30®,  or  60®  with  respect  to  the  normal  of  the  upper  surface.  At  angles  greater  than  0® 
the  radiation  also  fell  on  the  ‘eastern’  wall  of  the  volume.  Figure  1  shows  the  results  for  incident  angles 
of  0®  and  60®.  Comparison  of  the  results  with  the  Monte  Carlo  model  output  shows  the  BLITS  model 
performance  is  very  good.  The  discrepancies  which  occur  for  energy  exiting  the  sides  of  the  volume  are 
perhaps  related  to  the  limited  extent  of  the  Legendre  expansion  of  the  phase  function.  In  the  cases  run,  a 
24-stream  scattering  model  was  used  which  supports  up  to  a  fourth  order  Legendre  polynomial  expansion. 
The  comparisons  were  made  using  a  fourth  order  expansion.  For  this  order  the  forward  peak  fraction  for 
most  aerosols  is  around  50  percent.  Thus  after  forward  peak  removal  the  total  effective  optical  depth  treated 
is  around  a  maximum  of  40  for  the  75  optical  depth  case.  In  the  examples  shown,  the  grid  used  to  simulate 
these  results  was  a  4x4x4  representation.  Each  cell  in  the  volume  thus  had  to  simulate  10  optical  depths 
of  scattering  material.  In  previous  comparisons  of  model  results  with  Monte  Carlo  data  the  RT  code  tested 
was  typically  run  using  a  40x40x40  volume  representation  in  an  8-stream  model.  The  differences  were  that 
for  an  8-stream  representation  approximately  75  percent  of  the  expansion  was  modeled  by  the  forward  peak. 
Thus  the  maximum  effective  optical  depth  modeled  per  cell  was  only  around  0.5,  and  the  current  results 
imply  that  the  current  model  can  treat  significantly  thicker  clouds  at  reduced  cost  in  memory  and  time  than 
previously  possible. 

In  figure  2  the  results  of  the  VIS42  visualization  code  are  shown.  A  two  cloud  layer  atmosphere  has 
been  modeled.  The  upper  layer  is  an  altostratus  type.  The  lower  layer  is  a  cumulus  layer  of  approximately 
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Figure  2:  Downward  (left-hand  side)  and  upward  (right-hand  side)  looking  views  of  a  cloud  field. 


35  percent  cloud  cover  beginning  at  1  km  above  the  modeled  surface.  Two  views  are  given  of  the  scene: 
One  shows  the  appearance  of  the  clouds  from  above,  looking  at  a  rendered  surface  below  the  atmospheric 
volume.  The  other  shows  the  clouds  as  they  appear  in  orthographic  rendering  when  looking  upward. 

In  figure  3  we  show  a  prototype  image  modification  process  result  using  a  templated  version  of  the 
vertically  downward  looking  appearance  of  the  cloud  volume  to  modify  a  cloudfree  initial  scene.  The  original 
scene  is  shown  on  the  left  side.  This  scene  is  assigned  a  mean  reflectance  value  a.  Based  on  this  value,  one 
can  analyze  the  image  contents  and  deduce  a  mean  pixel  value  P.  From  this  information  the  point-to-point 
reflectivities  present  in  an  image  may  be  calculated:  Let  pij  be  a  pixel  RGB  value  at  position  {ij).  The 
point  reflectance  is  then  modeled  as  aij  =  (a/P)pij .  Using  the  positionally  varying  illumination  information 
available,  the  brightness  of  that  pixel  can  be  determined  as  a  channel-based  radiance  result.  The  limiting 
path  radiance  and  transmittance  effects  for  that  point  can  then  be  applied.  This  process  takes  about  6 
seconds  on  an  SGI  computer,  which  also  entails  reading  the  databases  of  transmittance/path  radiance  and 
illumination  information,  as  well  as  the  mean  pixel  calculation. 

8.  CONCLUSIONS 

We  believe  that  the  modeling  framework  developed  provides  a  reasonable  approach  to  rendering  natural 
clouds  in  currently  available  visualization  software.  Prototyped  rendering  techniques  developed  for  opera¬ 
tion  with  the  Naval  Postgraduate  SchooPs  PEGASUS  Perspective  View  Generator  are  capable  of  rendering 
a  templated  cloud  image  within  6  seconds.  However,  this  prototype  software  contains  no  optimization,  re¬ 
quires  all  data  to  be  read  into  the  model,  and  operates  on  3  color  channels  for  each  pixel.  Obviously  more 
sophisticated  software  could  radically  reduce  rendering  time  of  this  2-D  templated  cloud  effect,  resulting  in 
realtime  visualization  of  2-D  clouds.  On  the  other  hand,  more  robust  3-D  cloud  rendering  routines  may 
require  significant  additional  effort  to  move  to  a  near-realtime  performance.  Current  orthographic  rendering 
rates  of  5  minutes  per  frame  are  far  from  reaching  realtime.  However,  the  fidelity  possible  with  the  ortho¬ 
graphic  model  developed  shows  significant  improvements  over  previous  capabilities,  and  uses  may  still  be 
available  for  these  non-realtime  technologies. 

We  anticipate  further  connectivity  to  gridded  weather  data  and/or  satellite  derived  real  cloud  fields. 
These  connections  should  improve  the  ability  to  provide  high  fidelity  virtual  simulations.  Utility  of  these 
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Figure  3:  Original  image  of  surface  (left-hand  side)  and  modified  image  following  application  of  cloud 
transmission  and  path  radiance  effects  (right-hand  side). 


simulation  results  should  allow  for  better  predictions  of  systems  performance  in  mission  planning  software. 
Additionally,  the  ability  to  tile  the  simulated  region  across  a  large  area  is  advantageous  since  in  a  DIS/HLA 
environment  it  reduces  the  amount  of  data  that  must  be  passed  over  a  network.  Lastly,  the  WAVES 
environment  appears  to  provide  useful  output  data  formats.  However,  given  the  desire  to  present  realistic 
clouds,  a  higher  resolution  extinction  coefficient  field  appears  advantageous  in  providing  low  level  detail  in 
the  rendering  of  clouds. 
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ABSTRACT 

FastProp  is  an  ultra-fast  propagation  simulation  that  models  atmospheric  and 
weather  environmental  effects  on  propagation  of  RF  and  optical  signals  for 
constructive  simulations.  It  has  been  developed  under  the  management  of  the  US 
Army  Space  and  Strategic  Defense  Command  for  the  Defense  Modeling  and 
Simulation  Office  (DMSO).  FastProp  has  been  successfully  interfaced  with  the 
EADSIM  (Extended  Air  Defense  Simulation)  constructive  simulation  during 
runtime  execution,  and  is  currently  being  upgraded  to  interface  with  the  EADTB. 
Since  constructive  simulations  request  propagation  data  for  a  variety  of  sensors  and 
sensor/target  geometries  there  are  multi-resolution  requirements  on  generating 
weather  scene  objects  and  in  computing  the  propagation  effects  at  different  sensor 
wavelengths  and  fields  of  view.  To  minimize  storage  and  computation  times 
associated  with  generating  weather  scenes  over  a  large  area  at  very  high  resolutions, 
FastProp  uses  a  methodology  that  includes  a  hierarchical  weather  object  data  base, 
stochastic  indexing,  and  a  line  of  sight  (LOS)  intersection  algorithm.  The  stochastic 
indexing  allows  the  repeatable  construction  of  weather  scenes  firom  the  hierarchical 
weather  object  database  without  requiring  large  3-D  Or  4-D  gridded  arrays  of 
weather  scene  data.  The  LOS  intersection  algorithm  provides  an  efficient  technique 
for  determining  the  weather  objects  that  affect  the  signal  propagation  at  the 
appropriate  level  of  resolution.  The  FastProp  methodology  and  its  critical 
components  will  be  described  in  this  briefing,  and  example  interface  requirements 
with  the  EASIM  and  EADTB  constructive  simulations  will  be  discussed. 

1.  INTRODUCTION 

U.S.  Army  Space  and  Strategic  Defense  Command  (USASSDC)  has  long  developed 
and  used  simulations  to  support  the  acquisition  process.  The  Extended  Air  Defense 
Simulation  (EADSIM)  has  provided  a  force-on-force  modeling  capability  to  support 
this  process.  However,  the  crucial  element  of  weather  has  to  date  been  modeled 
inadequately  if  at  all,  or  has  required  extensive  computation  resources.  A  typical 
theater  missile/air  defense  scenario  may  have  10s  to  100s  of  platforms.  Considering 
the  effects  of  weather  on  each  valid  line-of-sight  among  all  the  platforms  for  scenario 
intervals  on  the  order  of  a  second  or  less  can  quickly  bring  an  otherwise  fast  running 
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air  defense  simulation  to  a  crawl.  Most  often  this  will  not  allow  an  acceptable  time- 
jframe  for  performing  studies  required  to  support  acquisition. 

FastProp  works  towards  overcoming  this  problem  by  using  a  distributed  simulation 
approach  that  isolates  the  computations  required  for  weather  effects  from  the 
calculations  performed  in  EADSIM  (flight  processing,  C3I,  sensors, etc.).  FastProp 
delivers  to  EADSIM  propagation  effects  based  on  a  request/response  protocol  data 
unit  (PDU)  scheme.  These  are  experimental  PDlTs  whose  structure  are  consistent 
with  others  used  for  Distributed  Interactive  Simulation  (DIS).  These  effects  are  then 
used  by  EADSIM  to  perform  signal  to  noise  (SNR)  calculations  and  determine  if 
detection  has  occurred.  The  result  is  an  efficient  methodology  which  allows  the 
systems  analyst  to  assess  systems  effectiveness  over  a  wide  range  of  weather 
conditions.  This  is  a  key  requirement  in  any  serious  weapon/sensor  acquisition 
exercise. 

The  FastProp  team  consists  of  the  following: 

USASSDC  and  NRL.  The  agencies  have  provided  management  to  this  effort  which 
is  funded  by  DMSO.  USASSDC  being  the  prime  managing  agency.  NRL  has 
managed  the  MIT/LL  contribution  to  F  astProp . 

Hughes  STX.  Hughes  STX  developed  the  methodology  for  describing  the  weather 
using  hierarchical  objects  (HeFeS  -  Hierarchical  Feature  Simulation).  These  objects 
can  be  generated  quickly  and  stored  efficiently  using  stochastic  indexing.  The  inputs 
to  this  process  are  generated  by  PARGET;  a  software  module  which  is  driven  by 
climatological  databases. 

Nichols  Research  Corporation.  NRC  has  provided  the  FastProp  preprocessor  which 
includes  a  graphical  user  interface  (GUI)  for  defining  weather  scenes  and  sensor 
types,  execution  of  standard  physics  models  to  develop  tables  used  by  the  runtime 
code.  Integrated  within  the  preprocessor  is  PARGET  and  FastView.  NRC  has  also 
developed  a  software  module  used  by  the  runtime  code  which  calculates  the  LOS 
intersections  with  the  weather  objects  and  weather  effects  using  the  look-up  tables 
developed  in  the  preprocessor.  In  addition,  a  capability  has  been  developed  to 
generate  GREB  files  to  be  used  off-line  by  the  Extended  Air  Defense  Testbed. 

Decision  Science  Associates  .  DSA  has  developed  the  software  required  on  both  the 
server  side  (FastProp)  and  the  client  side  (EADSIM)  to  support  the  network  interface. 
This  interface  includes  interface  buffers  which  store  and  process  incoming/outgoing 
PDU's  between  the  two  simulations.  The  communications  itself  is  done  using  UNIX 
sockets  configured  in  a  user  datum  protocol  mode  (UDP).  On  the  FastProp  side,  DSA 
has  bmlt  the  driver  which  makes  the  call  to  the  NRC  supplied  weather  effects  module. 

Georgia  Tech  Research  Institute  /  MIT  Lincoln  Laboratory.  These  two  team  members 
have  provided  consxiltation  on  RF  propagation  and  optical  propagation  respectively. 
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They  have  been  involved  in  the  recommendation  of  physics  models  to  be  used  in  the 
preprocessor,  and  validation  of  the  rapid  LOS  techniques  used  to  calculate  weather 
effects. 

Teledvne  Brown  Engineering.  TBE  is  the  primary  developer/integrator  of  the 
Extended  Air  Defense  Simulation  (EADSIM).  They  have  integrated  code  developed 
by  DSA  (the  interface  buffer)  and  NRC/Hughes  STX  (FastView)  in  order  to  support 
the  use  of  the  FastProp  server  for  providing  the  particular  weather  effects  used  by  the 
EADSIM  sensor  models.  Enhancements  have  also  been  made  to  the  EADSIM  GUI  to 
support  the  user  in  setting  up  sensors  and  scenarios  for  use  with  FastProp. 

2.  REQUIREMENTS 

The  primary  requirement  FastProp  is  to  rapidly  provide  the  user  with  weather  effects 
on  sensors  and  weapons  across  the  visible,  IR,  and  RF  spectrums.  It  should  also  be 
easy  to  use  for  the  analyst  who  does  not  have  any  meteorological  training  other  than  a 
familiarity  with  the  standard  terms  used  to  describe  weather  by  weather  observers. 

The  outputs  provided  to  EADSIM  in  real  time  are  the  transmission  and  background 
radiation  for  optical  systems;  transmission  and  backscatter  for  RF  systems.  Recently, 
a  desire  to  supply  the  EADTB  with  a  grid  of  physical  parameters  was  added  as  an 
additional  requirement.  A  file  meeting  the  meteorological  community's  GRIB 
standard  can  now  be  generated  by  FastProp  during  preprocessing  which  includes 
grmmd  level  temperature,  pressure,  relative  humidity,  and  velocity  as  well  as  the  base 
height,  top  height,  and  liquid  water  content  of  clouds.  At  present  there  is  no  real-time 
communication  scheme  for  interfacing  with  EADTB. 

3.  METHODOLOGY 

The  weather  modeled  in  FastProp  is  broken  out  into  two  primary  parts:  1)  a  layered 
atmosphere,  which  is  characterized  by  aerosols,  temperature,  pressure,  and  humidity, 
and  2)  clouds/rain  which  are  characterized  by  their  location,  size  and  shape,  liquid 
water  content,  and  rain  rate.  The  layered  atmosphere  can  be  specified  by  the  user  or  it 
can  be  ^proximated  by  the  preprocessor  based  on  the  location  and  time  of  year 
specified  by  the  user.  The  cloud  scenes  are  generated  by  PARGET.  They  are  then 
placed  in  the  scene  in  such  a  way  to  satisfy  statistical  data  related  to  the  location  and 
time. 

During  an  EADSIM  scenario,  a  request  for  the  weather  effects  along  a  path  between 
an  observer  and  target  is  made  to  FastProp.  FastProp  rapidly  calculates  the  effects 
and  returns  them  to  EADSIM.  With  this  distributed  approach,  EADSIM  does  not 
have  to  devote  any  computational  resources  to  managing  a  weather  scene  or 
calculating  the  effects.  This  architecture  is  shown  in  Figure  1 . 
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Figure  1  Near  Term  Architecture 

As  shown  in  Figure  2,  FastProp  is  made  up  of  two  primary  parts;  the  preprocessor  and 
the  runtime  code.  The  preprocessor  includes  the  graphical  user  interface  and 
performs  all  the  functions  of  generating  the  cloud  scene  given  the  user  inputs,  and 
preparing  look-up  tables  required  by  the  runtime  code.  The  runtime  code  reads  these 
files  during  initiation  and  interacts  with  the  interface  buffer  to  process  the  requests 
which  come  across  the  network  from  EADSIM.  The  postprocessor  allows  the  user  to 
review  key  parameters  of  the  run  such  as  the  number  of  requests  that  were  made,and 
how  many  cloud  intersections  were  logged. 
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CREATES  FASTPROP  RUNTIME  FILE. 


Figure  3  FastProp  Preprocessor 


The  FastProp  preprocessor  is  highlighted  in  Figure  3.  The  user  interfaces  with  the 
preprocessor  through  a  GUI  which  allows  him  or  her  to  define  the  weather  scenario 
and  define  sensors  which  will  be  used  in  the  scenario.  The  weather  scenario  and 
sensor  definitions  are  saved  to  ASCII  files.  After  the  weather  inputs  and  sensors  have 
been  defined,  a  click  of  a  button  will  cause  the  preprocessor  to  open  the  weather  and 
sensor  files  and  set  up  data  structures  in  a  format  required  for  use  by  the  physics 
codes.  These  codes  are  community  standard  codes  which  include  MODTRAN  (for 
visible  and  IR)  and  MPM  (for  RF)  and  FASCODE  for  use  with  laser  systems.  The 
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physics  codes  then  generate  the  propagation  effects  lookup  tables  for  the  layered 
atmosphere  which  are  used  during  runtime.  Also,  the  data  in  the  weather  files  are 
used  by  PARGET  in  order  to  generate  the  cloud  objects.  These  objects  are  then 
stored  for  use  by  the  runtime  code. 


The  GUI  which  is  presently  being  finalized  will  give  the  user  the  abihty  to  define 
parameters  consistent  with  the  language  used  by  weather  observers  (air  crews,  air 
traffic  controllers,etc.)  The  observables  will  include  cloud  ceiling,  base  height, 
coverage  conditions,  humidity,  temperature,  and  precipitation.  The  user  will  also  be 
able  to  designate  the  location  and  time  of  year.  These  parameters  will  be  used  to 
drive  the  PARGET  module.  The  top-level  weather  specification  window  is  shown  in 
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Figure  4  User  Interface 


Figure  4. 


The  runtime  portion  of  FastProp  can  be  run  in  an  online  and  an  off-line  mode.  The 
off-line  mode  is  used  to  generate  GRIB  file  inputs  for  EADTB  and  to  support 
verification  of  FastProp.  The  online  version  interacts  with  the  DSA  supphed  code 
which  handles  the  buffering  of  requests  and  responses  and  the  socket  interface. 


When  running  in  the  online  mode  with  EADSIM,  FastProp  carries  out  calculations 
which  derive  the  weather  effects.  The  systems  models  which  characterize  the  sensor 
and  weapon  performance  reside  in  EADSIM.  For  the  present  off-line  implementation 
with  EADTB,  the  systems  models  and  the  effects  models  reside  in  EADTB.  FastProp 
only  provides  physical  attributes  of  the  atmosphere  (temperature,  pressure,  humidity, 
etc.).  This  demonstrates  that  FastProp  can  support  clients  with  a  wide  spectrum  of 
needs  and  requirements.  The  runtime  configuration  is  shown  in  Figure  5. 
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Figure  5  FastProp  Runtime  Elements 

The  approach  for  calculating  the  effects  rapidly  is  to  minimize  the  integration  steps 
during  runtime.  The  integration  over  the  layered  atmosphere  is  performed  over  the 
entire  elevation  space  for  different  altitudes  in  the  preprocessor  and  stored  in  a  lookup 
table.  During  runtime  the  LOS  algorithm  is  exercised  which  determines  the  weather 
objects  (clouds,  precipitation  shafts)  that  are  intersected.  The  extinction-depth 
product  of  these  objects  are  then  summed  with  the  extinction-depth  products  from  the 
layered  atmosphere  to  get  the  total  transmission  along  the  path. 

The  key  for  the  rapid  computations  is  the  LOS  intersection  algorithm  and  the  HeFeS 
object  generation.  The  object  hierarchy  is  presently  comprised  of  4  levels;  the  slab 
which  is  typically  at  the  mesoscale  level  and  is  made  up  of  rows.  The  rows  are  then 
made  up  of  clouds  with  scales  on  the  order  of  100s  of  meters.  Each  cloud  can  be 
resolved  into  meter  scale  puffs  which  is  the  lowest  level.  There  is  theoretically  no 
limit  to  the  resolution  the  process  will  support,  but  there  is  presently  no  requirement 
to  resolve  the  objects  beyond  the  puff  level.  In  a  typical  scenario  there  may  up  to 
50,000  puff  objects  or  more  in  the  region,  whereas  the  LOS  may  actually  intersect 
only  10  of  these  objects.  The  majority  of  these  objects  can  be  ignored  by  using  a 
hierarchical  filter  process.  As  shown  in  Figure  6,  the  first  check  is  done  to  determine 
intersection  with  the  slabs.  Because  the  slabs  have  a  well  defined  extent  in  3D  space, 
the  verification  of  intersection  at  the  slab  level  is  straight  forward.  The  next  elements 
that  make  up  the  slab—  the  rows,  clouds  and  puffs  are  generated  using  the  HeFeS 
methodology  that  allows  them  to  be  specified  by  a  fimctional  relationship.  When 
evaluating  a  LOS,  the  cloud  scene  is  rapidly  generated  internally.  Given  the 
intersection  with  the  slab,  the  scene  is  only  generated  for  that  portion  of  the  slab  that 
could  be  intersected  given  the  geometry.  The  level  at  which  this  process  continues  (to 
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the  cloud  or  puff  level)  depends  on  the  FOV  of  the  observing  system  and  the  range. 
Close  in  targets  require  the  algorithm  to  evaluate  intersection  at  the  puff  level  in  the 
area  be  evaluated.  Longer  range  targets  will  cause  the  algorithm  to  stop  evaluation  at 
the  cloud  or  even  the  row  level.  The  LOS  intersection  process  takes  advantage  of  this 
functional  relationship  to  quickly  determine  which  objects  are  intersected  and  the 
thickness  of  the  traversal  through  the  object. 
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Figure  6  LOS  Intersection  Methodology 


4.  REPRESENTATIVE  RESULTS 

Figure  7  shows  a  representative  weather  scene  over  Fort  Hunter  Liggett.  This  scene 
consists  of  one  slab  with  dimensions  approximately  61  x  64  x  3  km  thick.  It  is 
comprised  of  31  rows,  1300  clouds  with  500  meters  average  horizontal  radius  and  500 
to  3000  meter  vertical  towers,  and  85000  puffs  with  average  radii  of  100  meters.  This 
particular  view  is  from  EADSIM. 


Figure  7  Single  slab  generated  with  22  input  parameters 


For  testing  purposes  a  similar  scene  was  produced  and  two  flight  paths  for  aircraft 
were  defined  to  fly  orthogonally  to  each  other  (see  Figure  8).  The  aircraft  were  set  at 
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2000  meter  altitudes.  One  was  aligned  approximately  along  one  of  the  slab  rows 
(Flight  Path  1)  and  the  other  flying  across  the  rows  (Flight  Path  2).  For  this  particular 
scene  the  cloud  ceiling  was  approximately  1500  meters.  A  ground  observer  was 
placed  at  the  cross-over  points  of  these  two  flight  paths.  The  aircraft  were  flown  and 
the  intersections  and  transmissions  were  calculated  for  both  an  LWIR  sensor  and  a 
lOGHZ  radar  located  at  the  groimd  observer  point.  Figure  9  shows  the  number  of 
puffs  intersected  by  the  LOS  paths  to  the  targets  on  Flight  Paths  1  and  2  for  two 
sensors  (an  LWIR  and  radar  sensors)  located  at  the  groimd  observer  point.  The  radar 
has  approximately  100  times  the  beamwidth  of  the  LWIR  sensor  pixel,  and  therefore 
the  radar  intersects  significantly  more  puffs  than  the  LWIR  sensor.  However  since 
the  cloud  extinction  of  the  LWIR  signal  is  much  greater  than  the  radar  extinction,  the 
radar  transmission  is  through  the  clouds  is  much  higher  than  the  LWIR  transmission, 
as  illustrated  in  Figure  9  for  the  Flight  Paths  1  and  2,  respectively. 


Figure  8  Target  Flight  Paths 
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Figure  9  Runtime  Results 


5.  SUMMARY 

FastProp  provides  atmosphere  and  weather  propagation  effects  for  constructive 
simulations.  To  date  it  has  been  integrated  successfully  with  both  the  EADSIM 
(online)  and  EADTB  (off-line  using  GRIB  encoded  data).  It  is  compatible  with  DIS 
technology,  utilizing  experimental  protocol  data  units.  It  has  been  written  in  C  and  is 
organized  in  such  a  fashion  as  to  maximize  portability  of  the  preprocessor  across 
platforms.  Future  enhancements  will  provide  a  network  interface  with  the  EADTB, 
the  ability  to  use  encoded  GRIB  data  as  an  input  data  source,  and  the  incorporation  of 
a  'subscription'  protocol  in  working  towards  compatibility  with  the  new  High  Level 
Architecture  (HLA)  standard. 
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WARGAMING  ULTRA-FAST  PROPAGATION  ALGORITHMS 

FOR  FASTPROP 


ALBERT  R.  BOEHM 
Hughes  STX  Corporation 
Email  address:  boehm@ziplink.net 


1.  OVERVIEW 

The  purpose  of  this  paper  is  to  describe  a  set  of  algorithms  that  provide  ultra-fast  simulation 
of  propagation  through  the  atmosphere.  First,  the  requirement  is  established  for  this  type  of 
simulation  as  opposed  to  other  valid  types  of  simulation.  Next,  the  reason  for  a  new  set  of 
simulation  algorithms  is  shown  by  pointing  out  the  limitations  of  other  methods.  The  main  part 
of  the  paper  describes  the  algorithms. 

2.  THE  SIMULATION  REQUIREMENT 

The  word  “simulation”  can  apply  to  a  variety  of  activities  —  numerical  solution  of  fluid 
flow,  message  traffic,  pilot  training  in  a  flight  simulator,  and  many  more.  An  explicit  meaning 
for  “simulation”  must  be  assigned  or  else  there  can  be  considerable  confusion. 

The  purpose  of  a  weather  simulation  in  wargaming  is  to  quantify  the  impact  of  weather  on 
system  performance.  Once  quantified,  steps  can  be  taken  to  optimize,  procure,  or  reject  the 
system.  There  are  at  least  three  categories  of  weather  impact  quantification: 

2.1  System  Physics  and  Engineering.  The  goal  is  to  determine  system  limits,  i.e.  under 
what  conditions  will  the  system  work. 

2.2  System  Effectiveness.  How  efficient  is  the  system  when  deployed?  This  question  is 
asked  for  a  variety  of  situations  from  the  simple  one-on-one  case  up  through  theater 
level  conflict.  An  important  tenet  sometimes  overlooked  is  that  extreme  weather  can 
defeat  any  system,  'fhe  question  is  WHERE  and  HOW  OFTEN?  Another  tenet  often 
overlooked  is  that  an  offensive  weapon  can  usually  wait  for  good  weather;  the 
effectiveness  of  a  defensive  weapon  is  measured  in  all  weather. 

2.3  Training.  Two  different  goals  differentiate  the  role  of  weather  in  training. 

2.3. 1  In  a  Specified  Syllabus,  specific  weather  is  needed  that  develops  the  desired  skill. 
The  weather  need  not  even  be  realistic  -  having  five  adjacent  jet  streams  would  quickly 
hone  a  pilots  skill. 
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2.3.2  In  a  Learning  Exercise,  besides  learning  skills,  lessons  are  learned  about  system 
usage,  tactics,  etc.  Weather  must  be  within  the  specified  climate  or  else  the  wrong 
lessons  will  be  learned. 

The  methods  detailed  in  this  paper  are  designed  to  meet  goals  2.2  (system  effectiveness)  and 
2.3.2  (learning  exercises).  However,  these  methods  can  be  employed  effectively  for  specified 
weather. 

Of  all  weather  impacts,  seeabi  lity  (both  passive  and  active  -  visual,  IR,  radar)  is  needed  at 
the  most  frequent  intervals,  requires  the  most  calculations,  and  varies  most  rapidly.  Although 
there  is  more  to  seeability  than  just  transmission,  rapid  calculation  of  propagation  through  the 
atmosphere  is  the  vital  first  step.  Propagation  also  affects  radio  and  optical  communications. 
Thus,  the  rest  of  this  paper  focuses  bn  propagation. 

Numerous  calculations  of  propagation  are  generally  required.  The  large  number  is  due  to 
the  number  of  sensors  and  targets,  and  the  fact  that  they  can  rapidly  change  location.  For  many 
applications,  a  complete  scene  must  be  rendered  and  displayed.  In  addition,  many  simulations 
require  multiple  views  —  as  seen  by  a  land  observer,  a  pilot,  a  radar,  an  infirared  sensor,  etc. 
FASTPROP  generates  a  virtual  atmosphere  scenario  and  then  allows  ultra-fast  calculations 
within  it. 

3.  THE  DILEMMA 

Facts  and  premises  are  only  stated  here.  Justification  is  found  in  Boehm  (1994c),  Boehm 
(1995),  Boehm  (1996),  and  LaMar  et  al.  (1994). 

The  atmosphere  has  layers  that  are  effectively  uniform  with  respect  to  transmission,  but 
there  are  other  layers,  particularly  those  with  clouds,  that  have  intricate  detail.  It  is  the  intricate 
detail  that  is  hardest  to  specify  and  often  has  the  strongest  effect  on  propagation. 

Current  physical  fluid  dynamic  methods  cannot  specify  intricate  details  in  the  atmosphere. 
The  basic  problem  is  not  the  lack  of  compirter  power  nor  observations  of  initial  or  boundary 
conditions.  It  is  due  to  lack  of  complete  physical  principles  with  respect  to  the  stress  tensor, 
water  droplet/crystalAapor  transformation,  and  radiation  flux  in  clouds.  For  example,  the  size  of 
cloud  puffs  within  a  cloud  can  not  be  foimd  using  only  first  principle  physics.  That  is  not  to  say 
that  such  relationships  will  never  be  discovered,  and  work  in  such  area  should  be  encouraged. 

But  the  fact  remains  that  there  are  unknown  areas  in  the  basic  equations  for  turbulent  motion  and 
in  water  transformations  in  the  atmosphere. 

Clouds  and  associated  rain  contribute  the  most  to  the  variability  of  propagation,  yet  are 
poorly  measured.  Standard  surface  observations  give  only  fractional  cover  and  type  -  no 
information  is  recorded  on  orientation,  shape  of  gaps,  or  physical  properties.  Cloud  types  are 
based  on  visual  appearance.  The  liquid  water  per  cubic  meter  can  vary  over  an  order  of 
magnitude  within  the  same  cloud  type.  Weather  satellite  data  must  use  inferential  methods  of 
limited  accuracy  to  determine  cloud  properties.  Current  archived  observations  fall  far  short  of 
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specifying  intricate  detail  in  the  atmosphere.  Only  a  small  fraction  of  atmospheric  motion  and 
constituents  are  actually  measured. 

Furthermore,  raw  observations  contain  a  host  of  biases,  idiosyncrasies,  and  instrument  and 
archiving  errors  to  fool  the  unwary  simulator. 

Current  methods  of  calculating  propagation  are  much  too  slow  for  operational  simulation. 
MODTRAN  running  on  a  high  end  work  station  would  take  several  days  to  calculate  the 
radiances  in  a  single  picture. 

A  propagation  beam  is  affected  by  structure  of  many  scales  -  from  a  single  droplet  on  a 
sensor  lens  to  a  complete  cloud  field  when  viewed  from  hundreds  of  kilometers  away  as  shown 
in  Figure  1 . 


100m  1km 


droDlets 
snow  flakes 


rain  sheets 


cumulus  cloud 

cloud  Duffs  cloud  field 


Micro  Meso  SvnoDtic 

FIGURE  1.  The  scale  of  objects  seen  in  a  beam  is  a  function  of  distance. 

Meteorologists  have  for  many  years  divided  atmospheric  motion  into  various  scales 
depending  on  what  forces  are  important  at  that  scale.  Various  scales,  from  a  single  droplet  (e.g. 
on  a  lens)  to  large  domains  as  seen  by  a  distant  millimeter  system,  are  required  for  effective 
propagation  simulations. 

Propagation  is  along  a  beam  which  is  not  infinitesimally  thin,  but  can  often  be  described  by 
a  cone  specified  by  some  solid  angle.  The  width  of  this  cone  at  the  target  or  at  some 
atmospheric  obstruction  can  be  measured  as  the  distance  across  the  beam.  There  are  beams 
which  are  very  narrow  (a  centimeter  or  less  in  width),  very  short  (less  than  50  meters),  very  wide 
(10  km  or  more),  or  very  long  (500  km  or  more).  What  a  sensor  sees  when  looking  through  the 
atmosphere  depends  very  much  on  its  beam  width  and  path  length. 

A  meteorological  satellite  infrared  sensor  may  have  a  beam  width  of  3  km  or  more  at  the 
height  of  the  clouds.  A  high  resolution  surface  based  infrared  sensor  may  have  a  beam  width  of 
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less  than  5  meters  when  looking  at  the  same  cloud.  What  they  see  will  not  have  the  same 
emissivity  nor  structure.  A  realistic  simulation  must  have  the  ability  to  provide  propagation  at 
various  scales. 

There  are  numerous  statistical  and  stochastic  models  of  the  atmosphere  that  have  been 
validated  for  specific  purposes.  These  range  fi-om  simple  rain/no  rain  Markov  chains  to  complex 
four-dimensional  non-homogeneous  anisotropic  global  models  such  as  CFARC  which  produce 
minute  be  minute  results  for  decades.  However,  a  new  kind  of  stochastic  algorithm  was  needed 
to  meet  the  ultra  fast  computation  requirements. 


4.  Algorithm  Design 

In  order  to  overcome  the  limitations  of  other  methods,  three  methodologies  were  developed; 
1.  The  Morficon,  2.  Stochastic  Indexing,  and  3.  HEFeS  (Hierarchical  Environmental  Feature 
Structure).  Together  the  three  methods  can  form  a  weather  expander.  This  weather  expander 
takes  a  small  set  of  input  val  ues  and  using  stochastic  generators  produces  a  complete  weather 
scenario. 


4.1.  The  Morficon 


Consider  the  calculation  of  monochromatic  transmission  along  a  beam, 

r 


(1) 


Where  Is  is  Illumination  at  sensor  S 
I  j  is  Illumination  at  target  T 
K  is  the  absorption  coefficient 
X  is  along  a  line-of-sight 

If  the  line-of-sight  is  through  a  homogeneous  layer,  then  the  calculation  is  straight  forward. 
Many  transmission  codes  do  just  that;  they  assume  a  series  of  homogeneous  layers. 

In  a  region  of  intricate  detail,  a  more  general  method  is  needed.  A  series  of  grid  points 
along  the  line-of-sight  can  be  defined  and  absorption  interpolated  to  these  points.  However,  a 
regularly  spaced  grid  is  inefficient  There  are  too  many  grid  points  where  there  is  little  change 
and  too  few  where  there  is  intricate  detail. 

The  Morficon  algorithm  overcomes  this  shortcoming  and  has  other  desirable  attributes  as 
well.  Instead  of  using  ray  tracing  methods  to  render  a  scene,  radiometric  properties  are 
precalculated  for  each  object  under  various  lighting  conditions  and  stored  as  prototype  objects 
called  morficons.  These  morficons  are  stretched  (moiphed  is  the  computer  term)  to  adjust  for 
viewing  perspective,  exact  lighting,  and  individual  shapes.  By  selecting  a  set  of  morficons  based 
on  physical  and  climatologicai  principals,  the  resulting  scene  is  consistent  with  the  climatology 
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of  the  place  and  time  and  the  physics  of  the  atmosphere.  For  homogeneous  or  linear  gradient 
objects,  the  transmission  can  rapidly  be  calculated  using  sumations  over  objects, 

n 

Z  n 

Is  =  '  or  \n(Is)  =  lnf/7 )  + 

i=l  (2) 

where  Ki  is  the  absorption  coefficient  for  the  ith  object  or  K-  is  +  ^g^it  ^  linear 

gradient  object.  Subscripts  enter  and  exit  indicate  where  the  line-of-sight  enters  and  exits  the 
object.  Ax  is  the  distance  along  the  line-of-sight  through  the  object. 

The  morficon  is  not  merely  a  computer  trick  to  produce  fast  images,  although  it  does  appear 
to  be  one  of  the  fastest  ways  to  generate  an  image.  Propagation  calculations  generally  require 
various  parameters  to  be  integrated  along  a  line  of  sight.  Typically,  a  grid  of  these  parameters  is 
used  to  interpolate  the  parameters  to  spacing  along  the  line  of  sight.  These  values  are  then 
summed  to  approximate  the  integration. 


Morficon  Pallate 


Target  Plane 


Sensor 

FIGURE  2  T  he  transmission  of  various  object  is  rapidly  projected  onto  a  plane  at  the 
distance  of  tbe  target.  Values  on  this  plane  can  be  added  to  objects  beyond  the  target  plane 
to  produce  a  background  plane. 

With  a  morficon,  the  exact  value  of  the  distance  through  an  object  (e  g.  a  cloud)  is  known. 
Also  the  exact  value  of  transmission  or  other  parameter  is  know.  These  values  are  summed  up 
by  adding  morficons  to  a  target  plane.  The  results  are  exact  line-of-si^t  integrations  —  to  within 
computer  precision.  See  Figure  2. 
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A  pallet  of  morficons  is  used  to  provide  calculations  for  various  sensors  and  atmospheric 
structures.  Usually  there  is  a  tradeoff  between  speed  and  accuracy.  With  the  morficon,  both 
ultra-speed  and  accuracy  result.  Part  of  this  advantageous  situation  is  due  to  the  prior 
calculation  in  making  the  morficon  palette. 

4.2  STOCHASTIC  INDEXING 

Rather  than  store  all  the  information  for  viewing  from  different  angles,  the  reproducibility 
property  of  pseudo-random  number  generators  is  used  to  index  location  and  properties  of  each 
object.  This  "Stochastic  Indexing"  allows  for  millions  of  objects  to  be  specified  and  retrieved 
with  nearly  zero  storage.  A  backward  running  random  number  generator  allows  desired 
properties  (e.g.  95%  coldest  temperature)  to  be  generated.  Algorithms  are  described  and 
computer  routines  are  presented  in  Boehm  and  Willand  (1996).  An  illustrative  demonstration  of 
stochastic  indexing  is  found  in  Boehm  (1994b). 

The  typical  computer  random  number  generator  starts  with  a  seed  number  and  rapidly 
returns  one  or  more  numbers  -  a  sequence  -  that  appears  to  be  random.  However,  if  the  same 
starting  seed  is  used,  the  exact  same  sequence  will  result. 

Many  types  of  scene-generating  algorithms  use  this  feature  to  produce  the  same  scene  by 
using  the  same  seed.  But  if  only  a  part  of  the  scene  is  needed,  the  whole  scene  must  be  redone  in 
order  to  obtain  that  section  of  the  sequence  pertinent  to  the  desired  part.  If  an  inverse  Fourier 
transform  method  is  used,  the  whole  random  sequence  must  be  calculated  to  get  the  random 
phases  (the  amplitudes  are  usually  set  to  produce  a  desired  spatial  spectrum). 

Stochastic  Indexing  goes  one  step  further.  It  uses  multiple  starting  seeds  to  generate  what  is 
needed  at  a  point.  The  advantage  of  stochastic  indexing  is  that  the  veiy  large  number  of  objects 
required  for  intricate  detail  can  be  indexed  rapidly  without  a  huge  data  base. 

43  HEFeS  (Hierarchical  Environmental  Feature  Structure) 

A  hierarchy  of  feature  objects,  see  Table  1 ,  has  been  devised  to  specify  structure  over  the 
scales  of  interest.  We  know  from  work  reported  in  Boehm  et  al.  ( 1 993)  and  Eis  ( 1 997)  that 
structure  is  not  scale  invariant.  That  is,  structures  at  one  scale  do  not  occure  at  the  same 
frequency  (or  sometimes  at  all)  at  other  scales.  To  say  the  same  thing  another  way,  some  of  the 
terms  in  the  equations  of  motion  that  are  dominant  at  one  scale  are  negligible  at  other  scales. 

The  location  and  orientation  of  sub-objects  are  relative  to  the  parent  object.  This  technique 
allows  rapid  sorting  of  objects  as  to  whether  they  are  in  a  view  or  not,  since  the  sub-objects  do 
not  need  to  be  checked  if  the  parent  object  is  out  of  view. 
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TABLE  1  Typical  HEFeS  Objects 


OBJECT 

TYPICAL 

TYPICAL 

CLASS 

SIZE 

TIME 

EXAMPLE 

Climate  regime 

global 

1  month 

wet  spring 

planetary  wave 

5000km 

1  week 

zonal  jet 

synoptic  feature 

1000km 

3  days 

cold  front 

meso  feature 

100km 

12  hours 

squall  line 

cluster 

1km 

1  hour 

cloud  cluster 

cell 

30m 

10  min. 

cloud  cell 

sheet 

5m 

5  min 

rain  streamer 

voxel 

Im 

10  sec. 

droplet  dist. 

particle 

1mm 

1  sec 

snow  flake 

4.4  Climatology  to  Simulation  Parameters  —  PARGET 

The  purpose  of  PARGET,  “PARameter  GETer”,  is  to  specify  the  parameters  of  the 
simulated  atmosphere  so  that  it  is  representative  of  a  given  location,  season,  time  of  day  and/or 
desired  weather.  PARGET  transforms  general  user  specifications  into  parameters  required  to 
establish  a  specific  HEFeS  Specification.  PARGET  consists  of  five  sections;  1.  Input  Interface 
,  2.  Output  Interface,  3.  Logic  Section,  4.  Stochastic  selection,  and  5.  HEFeS  Climate  Data.  Only 
a  portion  of  PARGET  will  be  discussed  here,  namely  the  types  of  input  and  an  illustrative 
example  of  stochastic  selection  ft^om  a  climatic  distribution. 

4.4. 1  The  input  to  PARGET  is  location,  time  of  day,  time  of  year,  and  kind  of  selection.  The 
kind  of  selection  is  one  of  three: 

4.4. 1. 1  A  random  draw  from  the  appropriate  climate. 

4.4. 1.2  A  selection  of  a  percentage  and  a  condition  for  the  percent  worst  observed 
condition.  The  condition  may  be  a  single  variable,  rain  rate,  or  it  may  be  a  joint 
condition  such  as  the  lowest  ceiling  and/or  visibility. 

4.4. 1 .3  A  specified  feature.  The  feature  may  be  a  desired  condition  such  as  a  large 
thunderstorm  right  there.  The  feature  may  also  be  a  point  observation  or  forecast, 
e.g.  a  METAR  surface  observation  or  TAF.  The  specified  feature  may  be  at  any 
scale.  For  example,  the  feature  may  also  be  a  synoptic  field.  (See  Boehm,  1995)  or 
it  could  be  a  droplet  on  a  sensor’s  lens.  In  either  case,  the  other  scales  of  objects 
are  selected  to  be  consistent  with  the  specified  feature. 

4.4.2  An  illustrative  example  of  stochastic  selection  is  the  rain  rate  for  Northern  Israel.  Based  on 
the  algorithms  developed  by  Tattleman  et  al.  (1995),  it  was  found  that  the  climatic  probability  of 
rain  rate  for  the  month  of  February  is. 


419 


P  =  a>  [  3.5  +  0.955  Ln  (R)] 


(3) 


where  P  is  the  probability,  R  is  the  rain  rate  in  mm/min,  and  O  is  the  cumulative  normal 
function. 

Equation  3  is  easily  inverted  to  find  the  rain  rate  that  corresponds  to  a  specified  probability, 

R  =  exp[<l>’(P)- 3.5/ 0.955]  (4) 

where  O  '*  is  the  inverse  cumulative  normal  distribution. 

Thus,  if  the  percent  heaviest,  P,  is  specified,  the  corresponding  rain  rate,  R,  for  northern 
Israel  in  February  can  be  calculated  for  use  in  simulating  the  100  P  percent  heaviest  precipitation 
.  Following  Tattleman  (1994)  the  Liquid  Water  Content,  LWC,  can  also  be  calculated, 

0.864 

LWC  -  0.052  R  (5) 


5.  Recapitulation 

The  HEFeS/Stochastic  Indexing/Morficon  combination  is  an  accurate,  very  fast  method  for 
simulation  of  weather  impacts  in  a  relatively  small  inexpensive  program.  Some  desirable 
capabilities  such  as  the  95%  worst  simulation  are  hard  to  do  any  other  w^ay. 

Many  people  have  trouble  grasping  the  stochastic  generator  concepts.  They  appear  too 
simple.  However,  the  underlying  laws  are  quite  complex  indeed.  To  some  they  appear  as 
Voodoo.  However,  stochastic  laws  rest  on  theorems  and  proofs  much  tighter  than  most 
meteorological  derivations. 
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ABSTRACT 

The  establishment  of  a  sufficient,  field-measured  database  to  support  the  analysis  of  ATR  algorithms, 
sensor  fusion  effectiveness,  and  sensor  system  performance  for  multiple  combinations  of  targets,  environments, 
sensors,  and  locations  will  severely  challenge  the  limited,  available  resources  within  the  Army.  However,  the  use  of 
a  high-resolution,  synthetic  scene  generator  model  (SSGM)  for  time-independent  applications  can  alleviate  the 
database  requirement.  A  methodology  for  a  robust  validation  of  SSGM  is  proposed,  which  will  consist  of  defining 
sets  of  images  (real  and  corresponding  SSGM  imageries)  and  using  human  observers  to  define  a  baseline.  First-order 
comparisons  of  a  real  scene  to  a  synthetic  scene  will  be  perfonned  with  the  use  of  the  filters  in  the  TARDEC  [20] 
model  or  a  comparable  computational  vision  model  (CVM).  The  similarity  of  target  to  background  histograms  as  a 
function  of  various  CVM  filters  will  need  to  be  analyzed  to  define  first  order-effects.  Second-order  metrics  are  defined 
in  terms  of  probability  of  detection,  detection  timeline,  and  false  alarm  rate.  A  metric  for  the  target  signature  will  be 
mathematically  defined  to  test  these  second-order  effects.  For  a  given  application,  the  necessary  and  sufficient 
metrics  are  discussed. 


1.  INTRODUCTION 

A  great  number  of  Army  programs  require  a  significant  number  of  signature  databases  in  order  to  satisfy 
program  development.  A  partial  listing  of  these  programs  include  Intelligence  Signature  Assessment,  Batdefield 
Visualization  Test  Bed  (BVTB),  ATR  Algorithm  Development,  Sensor  Performance  Analyses,  Multi-Sensor  Fusion, 
Countermeasure/Counter-Countermeasure  (CM/CCM),  Target  Acquisition  (TA)  Modeling  Improvement,  Required 
Operational  Capability  Requirements,  Tri-Service  Smart  Missile/Munitions  Testing,  and  Computer  War  Gaming 
Input. 

Any  of  the  programs  listed  above  would  require  signatures  related  to  target  acquisition.  Target  acquisition  is 
a  function  of  many  variables;  among  them  are  the  target,  background,  environment,  geographical  location,  time,  and 
sensor.  Each  of  these  sets  is  composed  of  subsets.  To  physically  measure  signatures  in  the  field  to  satisfy  a  wide 
dynamic  range  of  signature  conditions  would  be  a  substantial  budgetary  challenge  for  any  project  manager  [14].  The 
physically  measured  data  must  not  only  answer  the  requirements  of  the  project,  but  also  must  be  general  and  of 
sufficient  resolution  to  take  into  account  other  near  term  signature  requirements  [21].  Hence,  there  is  the  need  to 
make  use  of  synthetic  databases  to  augment,  supplement,  and/or  complement  field  databases.  However,  this  requires 
a  robust  validation  of  the  particular  synthetic  scene  generator  model  (SSGM)  that  is  used  so  that  it  gains  credibility 
and  acceptance  in  the  modeling  and  simulation  community. 

2  APPROACH 

An  integral  step  in  the  validation  of  an  SSGM  is  to  compare  a  set  of  image  pairs  under  the  criteria  that  are 
relevant  to  the  given  application.  An  image  pair  is  defined  here  to  be  the  physically  measured  scene  (target  in 
background/clutter)  and  the  corresponding  synthetically  generated  scene  based  on  model  input  requirements.  For 
example,  if  we  had  a  real-synthetic  pair  of  images  of  a  simple  block  world,  with  well-defined  lighting,  angles,  etc., 
we  would  almost  definitely  do  well  by  comparing  the  images  on  a  pixel-to-pixel  basis.  While  not  every  pixel  of  the 
synthetic  image  would  have  the  same  value  as  the  corresponding  pixel  of  the  real  image,  a  sufficient  number  would 
be  close  enough  to  indicate  the  quality  of  the  synthesis.  In  this  case,  the  simplicity  of  the  “world”  under 
consideration  would  almost  definitely  permit  synthesis  of  images  that  are  pixel-wise  very  similar  to  real  images. 


423 


Figure  1.  Examples  of  different  images  that  have  the  same  grey-level  histograms. 

For  most  applications  of  synthetic  images,  however,  a  bit-wise  comparison  to  a  corresponding  real  image  is 
impractical  as  a  validation  criterion.  Take,  for  example,  the  task  of  comparing  images  of  a  natural  scene  containing 
trees,  grass,  sky,  water,  etc.  Here  the  variations  that  could  be  expected  between  the  images  would  be  large.  For 
example,  the  wind  may  sway  the  objects  in  different  directions,  the  clouds  may  cast  shadows  in  different  places,  and 
so  forth.  Thus,  the  use  of  a  pixel-to-pixel  comparison  would  almost  definitely  be  too  exacting  to  effectively 
evaluate  the  quality  of  the  synthesis. 

An  alternative  method  of  comparison  that  has  seen  substantial  use  involves  the  comparison  of  statistics  [2, 
3,  4,  5,  8,  9,  20]  that  have  been  derived  over  the  entire  image.  Such  statistics  include  grey-level  histograms,  local- 
energy  histograms,  and  many  others.  These  statistics  frequently  give  information  about  the  quality  of  a  synthetic 
image,  but  rely  on  obtaining  the  statistics  from  the  image  as  a  whole,  and  thus  can  be  misleading,  as  the  following 
examples  show. 

Intensity  histogram  (also  called  grey-level  histogram)  is  a  necessary  but  not  sufficient  tool  for  comparative 
assessment  of  an  image  pair.  Figure  1  shows  two  different  image  pairs  that  would  produce  the  same  intensity 
histogram  for  both  images  in  each  of  the  given  pairs,  while  Figure  2  shows  two  different  weapon  platforms  with 
exactly  the  same  intensity  histogram.  Figure  2  was  produced  by  a  C-program  that  repositions  the  pixels  of  one 
image  to  approximate  the  other.  Thus  virtually  any  image  can  be  slightly  modified  to  have  a  grey-level  histogram 
of  another  image  while  still  retaining  its  original  “look”.  Thus,  given  this  example,  sole  reliance  on  histogram 
distribution  as  a  similarity-metric  for  image  comparison  can  lead  to  a  wrong  conclusion. 


IMAGE  1 


Figure  2.  A  tank  and  a  helicopter  with  their  identical  grey-level  histogram. 
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The  validation  approach  taken  by  the  Army  Research  Laboratory  (ARL)  is  to  develop  a  robust  SSGM 
validation  methodology  for  any  synthetic  rendering  model.  In  particular,  we  would  like  to  test  this  methodology 
against  our  own  model  for  generating  synthetic  images,  CREATION  [6,  7,  10,  11,  17,  18].  Figure  3  is  a  generic 
approach  to  the  problem  of  image  validation.  An  ’’image  pair”  is  passed  through  a  comparator,  and  its  output  is 
statistically  analyzed  to  identify  a  validation  metric. 


The  comparator  is  composed  of  three  components:  a  computation  vision  model,  a  non-computational 
vision  model  approach,  and  always  a  group  of  human  observers  used  as  a  baseline.  First-order  validation  metrics  are 
obtained  from  a  computational  vision  model  such  as  the  Georgia  Tech  Vision  Model  [2,  3],  TARDEC  [20]  Vision 
Model,  German  CAMAELEON  [4,  5,  9]  Model,  or  other  suitable  candidates.  Second-order  metrics  are  obtained  by 
using  trained,  human  observers  to  provide  probability  of  detection,  highest  level  of  acquisition  (classification, 
recognition,  identification)  given  detection,  detection  timeline,  and  false  alarm  rate.  The  noncomputational  vision 
model  approach  can  provide  either  first-order  or  second-order  metrics.  Note  that  if  an  image  has  the  same  second- 
order  metrics  as  another,  this  does  not  necessarily  mean  that  their  validation  metrics  will  be  the  same.  Consider  as 
an  example  two  images  that  provide  all  the  same  second-order  metrics  as  previously  mentioned.  Such  a  condition 
can  be  satisfied,  for  example,  by  a  low  observable  tank  at  close  range  vs.  a  high  contrast  tank  at  long  range  (all  other 
variables  being  equal).  A  robust  set  of  validation  metrics  should  provide  an  indication  of  two  different  scene 
conditions. 

From  the  comparator,  a  master  list  of  candidate  validation  metrics  is  compiled.  A  sufficient  set  of  image 
pairs  is  parsed  through  the  particular  component  of  the  comparator  that  is  being  tested  for  statistical  analysis.  These 
metrics  are  then  "rank-ordered”  from  zero  to  one  in  terms  of  how  similar  the  synthetic  scene  is  compared  to  the  real 
scene.  A  similarity  of  one  is  a  perfect  fit,  while  a  similarity  of  zero  signifies  no  correlation  between  the  two  images 
being  compared.  The  number  of  validation  metrics  required  is  a  function  of  the  SSGM  application.  For  high- 
resolution  applications,  such  as  target  acquisition  modeling  improvement,  most  if  not  all  the  validation  metrics  with 
high  similarity  values  may  be  required.  For  low-resolution  applications,  such  as  real  time  computer  war  gaming, 
only  a  certain  portion  of  the  validation  metrics  may  be  needed  and  their  similarity  metric  requirement  will  be  less 
stringent.  It  is  therefore  necessary  to  rank-order  the  validation  metrics  from  the  master  list  for  a  given  synthetic 
scene-rendering  application.  In  the  CREATION  model,  we  have  a  problem  of  field  measured  data  from  which  we  can 
generate  a  synthetic  scene.  Part  of  the  problem  is  that  this  particular  model  requires  a  24-hour  diurnal  cycle  target 
signature  history  in  order  for  us  to  be  able  to  create  a  synthetic  scene.  Note  that  although  ARL  needs  to  validate  the 
CREATION  model,  it  must  first  be  able  to  develop  a  robust  validation  methodology.  To  alleviate  the  image  pair 
database  problem,  some  pairs  could  be  created  from  real  field  data,  as,  for  example,  scenes  at  different  times  or  for  the 
same  time  and  background,  but  different  targets. 
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3.0  PRESENT  METHODOLOGY 


Our  current  validation  approach  is  to  postulate  a  similarity  metric  that  is  defined  as: 


o<pJ<i, 


where;  5:  = 


0,  no  match 


‘  '  [I,  perfect  match 

and  i  =  statistical  validation  metric  (0,  1,  2, . n)  in  the  master  validation  metric  list. 


Real  Image 


Synthetic  Image 


.  Synthetic 


Figure  5.  CAMAELEON  histograms. 


A  wide  dynamic  range  of  signature  image  pairs  is  created  from  field  measured  data  and  its  corresponding 
synthetic  scene  or  from  field  data  with  differences  in  either  time,  background,  target,  environment,  or  other 
measurable  variables.  Each  image  set  is  parsed  through  a  comparator  using,  in  this  case,  the  German  computational 
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vision  model  CAMAELEON  [4,  5,  9],  This  model  provides,  as  an  output,  the  first-order  metrics  such  as  grey  level, 
frequency,  orientation,  and  local  energy  distributions.  For  each  of  these  metrics,  a  statistical  analysis  is  applied  in 
terms  of  mean,  median,  mode,  variance,  standard  deviation,  absolute  deviation,  skew,  kurtosis,  and  entropy.  Figure 
4a  shows  the  field-measured  data  of  an  M60-A1  tank  scene  taken  with  a  calibrated  infrared  sensor  at  Fort  AP  Hill, 
VA.  A  data  artifact  was  introduced  unintentionally  because  every  other  field  was  missed  during  the  digitization 
process,  resulting  in  a  lower  quality  image  than  what  a  high-resolution,  calibrated  DL  FLIR  [16]  is  capable  of 
showing.  Figure  4b  is  the  synthetic  infiared  rendering  by  the  CREATION  model.  It  contains  some  statistical 
sampling  rather  than  first  principle  rendering  of  background  data.  Figure  5  shows  the  comparison  between  the  real 
and  the  synthetic  scene  based  on  the  output  of  the  CAMAELEON  model.  Figure  6  shows  our  use  of  the  similarity 
metric  with  our  present  validation  approach.  Two  noncomputational  vision  approaches  developed  by  ARL  for 
comparing  images,  the  "Region-Based"  and  the  "Symmetric  Difference"  methods,  are  discussed  next. 


Figure  6.  Image  similarity. 

3.1  A  Region-Based  Method  of  Comparing  Images 

Historically,  there  have  been  two  different  approaches  for  comparing  a  real  scene  to  the  synthetically 
rendered  scene.  One  relies  on  very  local  information  such  as  pixels,  and  the  other  relies  on  global  information  such 
as  statistics  generated  over  the  entire  image.  Our  approach  is  to  use  the  middle  ground  between  these  approaches. 
We  call  it  a  region-based  method  of  comparing  images. 

In  region-based  image  comparison,  we  produce  a  mask  that  defines  nominally  40  to  100  regions  in  the 
real  or  the  synthetic  image  under  comparison.  This  mask  is  then  applied  to  both  the  real  image  and  the  synthetic 
image,  and  image-statistics  (grey-level  histograms,  local-energy,  etc.)  are  computed  over  each  region.  Comparisons 
are  then  made  from  the  statistics  obtained  from  each  region  to  the  statistics  obtained  from  the  same  region  in  the 
other  image.  A  real-synthetic  image  comparison  is  then  obtained  by  computing  the  area-weighted  average  of  the 
similarity  metrics  that  resulted  from  each  of  these  local  comparisons. 

For  example,  note  that  the  images  in  Figure  2  have  identical  global  grey-level  histograms.  Thus  any 
comparisons  based  on  global  grey-level  histograms  will  indicate  that  the  two  images  compare  identically.  Suppose, 
alternatively,  that  we  generated  any  arbitrary  tessellation  and  applied  that  tessellation  to  both  images.  We  could  then 
generate  the  grey-level  histograms  over  each  of  the  regions  produced,  and  then  compare  the  histogram  of  a  particular 
region  to  the  histogram  in  the  corresponding  region  in  the  other  image.  While  the  grey-level  statistics  over  the 
images  as  a  whole  were  identical,  the  same  statistics  over  a  small  portion  of  each  of  the  images  would  most  likely 
not  be. 


Thus,  regionalization  has  the  potential  to  reduce  the  negative  effects  of  false  matches  that  can  occur 
when  comparisons  based  on  global  image  statistics  are  used.  Additionally,  the  use  of  regionalization  cannot  produce 
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results  that  make  images  appear  to  be  statistically  more  similar  than  that  which  would  be  obtained  from  a  global 
comparison.  Specifically,  if  the  images  compare  favorably  on  a  region-to-region  basis,  they  will  also  compare 
favorably  globally.  In  short,  regionalization  can  be  used  to  allow  a  more  rigorous  application  of  common  global 
statistics,  and  achieves  a  balanced  medium  between  the  very  demanding  bit-wise  image  comparisons  and  the 
somewhat  ineffectual  global  comparisons. 

As  to  the  question  of  which  regionalization  to  use,  it  is  the  opinion  of  the  authors  that  any 
regionalization  or  tessellation  would  be  acceptable  since  an  arbitrary  regionalization  has  the  potential  for  producing 
more  accurate  image  comparisons  than  the  corresponding  global  comparison,  and  no  regionalization  has  the  potential 
for  producing  comparisons  that  are  less  appropriate  than  global  comparisons.  We,  however,  also  see  an  advantage  in 
producing  regionalizations  that  are  consistent  with  the  low-ffequency  variations  that  are  naturally  present  in  the 
image. 


3.1.1  A  Method  of  Comparing  Images  Under  a  Low-Frequency  Mask 

In  this  section  we  describe  step-by-step  a  region-based  approach  of  comparing  two  images.  Step  1 
aligns  the  two  images  with  each  other.  Step  2  matches  the  average  brightness  of  one  image  to  that  of  the  other 
image.  Step  3  creates  a  low-ffequency  mask,  and  Step  4  uses  the  mask  to  apply  a  global  image  comparison  metric. 

Step  1:  Register  and  crop  the  images. 

The  first  step  in  comparing  images  is  to  make  sure  they  are  (1)  registered  (or  aligned)  with  each  other  and  (2)  of 
identical  size.  We  accomplish  this  as  follows.  A  human  operator  locates  a  well-defined  point  in  each  image  and 
determines  the  pixel  coordinates  of  that  point.  At  present,  a  tool  such  as  xv  (x-windows  view)  is  used  to  determine 
the  coordinates  of  that  point.  Note  that  the  real  and  synthetic  images  have  not  been  previously  registered,  so  the 
coordinates  of  the  “well-defined  point”  will  in  general  be  different  for  the  two  images.  Our  program  crop  is  then  used 
to  produce  a  new  image  for  each  of  the  two  original  images.  The  new  images  will  be  of  a  specific  size  and  centered 
at  the  chosen  point.  We  used  a  size  of  256  pixels  by  256  pixels  for  the  initial  trials.  At  this  point  we  have  a  real- 
synthetic  pair  of  images  that  are  the  same  size  and  registered  with  each  other. 

This  registration  process  involves  translation  only.  A  more  sophisticated  method  of  registration  would  also  include 
rotation  and  scaling.  However,  this  would  necessitate  a  method  of  mapping  the  rectilinear  grid  of  pixels  of  the 
original  image  to  another  grid  of  a  different  angular  orientation  and  having  a  different  scale.  Methods  for  performing 
such  a  mapping  exist,  though  they  generally  introduce  artifacts,  and  the  artifacts  would  have  a  great  potential  to  pose 
problems  for  the  comparison.  Thus,  we  insist  that  the  real  and  synthetic  images  be  made  to  the  same  scale  ml 
oriented  at  the  same  angle,  and  then  the  registration  is  done  by  performing  only  a  translation. 

Step  2:  Gamma-match  the  images. 

A  process  that  we  call  gamma-matching  is  used  to  change  the  brightness  levels  of  the  synthetic  image  so  that  the 
total  brightness  of  the  synthetic  image  is  within  a  small  factor  of  the  total  brightness  of  the  real  image.  This  is 
done  with  gamma-correction  as  follows.  If  the  synthetic  image  is  dimmer  than  the  real  image,  gamma  values  are 
successively  chosen  starting  at  1  and  increasing  in  steps  of  1  until  the  brightness  of  the  corrected  synthetic  image 
exceeds  the  brightness  of  the  real  image.  If  the  synthetic  image  is  brighter  than  the  real  image,  gamma  values  are 
successively  chosen  starting  at  1  and  decreasing  in  steps  of  0. 1  until  the  brightness  of  the  corrected  synthetic  image 
is  less  than  the  brightness  of  the  real  image.  When  such  cross-over  points  are  found,  the  process  is  repeated  with 
smaller  step  sizes,  specifically  step  sizes  of  one  tenth  the  size  currently  being  used.  This  entire  process  is  repeated 
until  the  ratio  of  the  total  brightness  of  the  synthetic  image  to  the  total  brightness  of  the  real  image  is  within  a 
small  constant  of  1.  We  have  been  using  the  constant  0.001. 

Step  3:  Construct  a  template  for  one  of  the  two  images. 

The  process  of  constructing  a  low-ffequency  template  for  an  image  involves  three  steps: 
image,  multilevel  thresholding  the  image,  and  uniquely  labeling  the  regions  that  result, 
explained  next. 

Step  3a:  Low-pass  filter  the  image. 

The  image  is  low-pass  filtered  by  convolving  it  with  a  square  template  containing  a  normalized  Gaussian  function. 


low-pass  filtering  the 
These  three  steps  are 
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Here,  the  user  specifies  the  size  of  the  “radius”  of  the  template  to  be  used  and  then  the  template  is  automatically 
generated.  For  example,  if  the  template  radius  is  chosen  to  be  5,  then  an  1 1  by  1 1  template  will  be  generated.  This 
template  is  then  filled  with  a  two-dimensional  Gaussian  function  centered  at  the  center  pixel  in  the  template  and 
having  a  sigma  chosen  so  that  the  area  under  the  Gaussian  curve  over  the  template  is  99%  of  the  total  area  under  the 
Gaussian  curve  over  the  entire  real  plane.  The  entries  in  the  template  are  then  normalized  over  the  template  (i.e., 
scaled  so  that  they  sum  to  1).  When  the  image  has  been  convolved  with  such  a  template,  the  brightness  values  of 
the  image  will  be  “smooth”  in  the  sense  that  there  will  be  no  rapid  changes  in  brightness.  The  image  will  actually 
appear  blurred.  This  is  done  so  that  the  next  step  of  thresholding  will  not  produce  many  small  regions,  which  would 
be  possible  if  the  image  contained  high-frequency  components. 

Step  3b:  Apply  multilevel  thresholds  to  the  image. 

After  Step  3a,  the  image  will  have  brightness  values  that  do  not  change  rapidly  throughout  the  image.  In  fact,  the 
image  can  be  thought  of  as  a  landscape  in  which  the  brightness  values  represent  altitudes.  After  the  low-pass 
filtering,  all  the  hills  and  valleys  will  be  smooth  and  gently  rounded.  There  will  be  no  sharp  peaks,  no  spikes,  no 
cliffs,  no  abrupt  changes  of  any  sort. 

We  now  apply  a  multilevel  thresholding  process  to  the  low-pass  filtered  image.  Here,  we  (arbitrarily)  choose  4 
levels  of  brightness  uniformly  spaced  between  the  dimmest  pixel  value  and  the  brightest  pixel  value.  Thus,  every 
single  pixel  in  the  image  falls  into  exactly  one  range.  Each  pixel  is  then  assigned  a  number  from  1  to  5 
corresponding  to  the  range  into  which  it  falls.  After  this  thresholding  process,  the  image  appears  somewhat  like  a 
topographic  map  in  that  the  regions  shown  correspond  to  the  brightness  range  of  the  pixels  in  the  region.  This 
looks  very  similar  to  topographic  maps  that  show  the  altitude  ranges  between  the  curves  on  the  map. 

Step  3c:  Label  the  regions  produced. 

The  next  step  is  to  give  the  region  that  result  from  the  above  step  a  unique  label  and  to  give  all  pixels  the  label  of 
the  region  into  which  they  fall.  To  accomplish  this,  we  initially  set  all  pixels  to  be  unlabeled  and  then  start  in  the 
upper  left  comer  of  the  image  and  proceed  in  a  raster-like  scan.  During  the  scan,  we  do  the  following.  When  an 
unlabeled  pixel  is  encountered,  we  use  a  recursive  process  that  we  call  “flooding”  to  label  each  pixel  in  the  same 
region  as  the  newly  encountered  pixel  with  the  “next  available  label”.  When  the  single  raster  scan  completes,  all 
pixels  in  the  image  will  be  labeled,  either  from  the  scan  itself  or  from  the  recursive  flooding  process. 

Here  we  scan  the  image  from  left  to  right  and  from  top  to  bottom  in  a  raster  pattern.  If  a  pixel  is  encountered  that  is 
unlabeled,  it  is  given  the  “next  available  label”  and  the  recursive  “flooding”  procedure  is  invoked.  This  procedure 
will  attempt  to  recurse  one  pixel  left,  one  pixel  right,  one  pixel  up,  and  one  pixel  down  from  the  recently  labeled 
pixel.  Specifically  it  will  recurse  in  those  directions  if  and  only  if  the  pixel  in  that  direction  has  not  been  previously 
labeled,  the  pixel  in  that  direction  exists  (i.e.,  it  is  not  at  the  edge  of  the  image),  and  the  pixel  in  that  direction  has 
the  same  brightness  value  (after  the  thresholding)  as  the  recently  labeled  pixel.  Thus  the  recursion  will  proceed  to 
label  all  pixels  in  the  given  region  and  it  will  not  proceed  across  region  boundaries.  At  the  completion  of 
recursively  labeling  a  region,  the  raster  scan  will  continue  until  another  unlabeled  pixel  is  encountered  at  which  point 
the  region  containing  it  will  be  flooded  in  a  similar  manner.  This  continues  until  the  entire  image  has  been  scanned 
and  labeled. 

Step  4:  Apply  a  global-metric  according  to  the  mask  produced. 

Upon  completion  of  the  mask,  or  tessellation,  that  was  produced  by  Step  3,  we  can  now  use  that  mask  to  apply  a 
similarity  metric  in  a  region-based  fashion.  As  an  example,  let  us  consider  using  the  “common  area  overlap”  of  the 
gray-level  histogram  as  our  metric.  Recall  that  if  we  were  using  this  metric  in  the  global  sense,  we  would  generate 
the  gray-level  histogram  for  the  real  image  and  also  for  the  synthetic  image,  normalize  each  of  those  histograms,  and 
then  determine  the  area  under  the  histograms  that  is  common  to  both  histograms.  Note  that  this  area  will  be  zero  if 
the  histograms  are  completely  disjoint  and  it  will  be  one  if  the  histograms  are  identical.  In  the  region-based  method, 
we  will  apply  this  metric  not  to  the  images  as  a  whole,  but  to  each  of  the  individual  regions  of  the  tessellation. 
Thus  we  will  obtain  a  number  between  zero  and  one  for  each  of  the  regions  that  indicates  the  extent  to  which  the 
gray-level  histograms  of  the  two  images  resemble  each  other  in  that  region.  To  obtain  the  final  image  metric,  we 
simply  take  an  area- weighted  average  of  the  similarity  metrics  that  we  obtained  for  the  regions. 
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3.1.2  The  Symmetric  Difference  Method 


The  segmentation  of  images  into  regions  as  described  above  can  also  be  used  to  produce  a  figure  of 
metric  of  comparison  betvi^een  two  images.  Consider  generating  one  mask  based  on  the  real  image  and  another  mask 
based  on  the  synthetic  image.  Comparing  the  masks,  then,  could  be  used  as  a  method  of  comparing  the  images. 

The  manner  in  which  we  compare  the  masks  is  as  follows.  For  one  of  the  two  masks,  say  that  derived 
from  the  real  image,  consider  a  particular  region  in  the  mask.  Calculate  the  symmetric  difference  between  this  region 
and  every  region  in  the  mask  of  the  other  (synthetic)  image  and  choose  the  minimum.  Notice  that  if  this  region 
closely  coincides  with  a  region  in  the  other  image,  this  minimum  will  be  small.  In  fact,  if  there  is  a  region  in  the 
other  mask  that  is  identical  to  the  region  under  comparison,  this  minimum  will  be  zero.  Now  choose  a  second 
region  in  the  real  image  and  repeat  this  process  to  obtain  another  ’’minimum  symmetric  difference".  If  we  continue 
this  for  all  regions  in  the  image,  we  will  develop  a  string  of  minimum  symmetric  differences.  We  use  the  sum  of 
this  sequence  as  the  image  metric. 

Notice  that  this  sum  will  be  small  when  each  region  in  the  real  image  closely  coincides  with  a  related 
region  in  the  synthetic  image,  and  it  will  be  large  otherwise.  Thus,  we  have  a  metric  that  will  be  zero  upon 
comparing  two  identical  images,  it  will  be  small  when  comparing  two  images  with  similar  low-frequency  structures, 
and  it  will  increase  for  images  that  have  few  such  commonalties. 


4.  GOALS 

The  near-term  goals  are  to  be  able  to  generate  a  sufficient  number  of  image  pairs  over  a  wide  dynamic 
signature  range  based  on  high-quality  field  measurement  data.  Investigation  of  other  candidate  validation  metrics  [19] 
will  need  to  be  analyzed. 

The  long-term  goal  is  to  compare  various  target  acquisition  models  in  terms  of  their  capability  to 
predict  second-order  effects,  again  over  a  wide  dynamic  signature  range.  The  prediction  results  from  these  various 
models  can  be  compared  to  the  baseline  (human  observers),  and  the  differences  can  be  analyzed  using  validation 
metrics  identified  to  date  from  this  work. 

A  vision  to  allow  optimization  of  resources  in  this  particular  research  area  is  to  apply  this 
methodology  for  dual  technology  application  (military  and  nonmilitary).  The  methodology  being  developed  for 
validation  will  lend  itself  well  for  the  analysis  to  allow  improvement  of  target  acquisition  modeling.  One  pristine 
area  for  target  acquisition  enhancements  for  the  military,  as  well  as  for  law  enforcement,  is  in  the  littoral 
environment  [12,  13,  15].  A  coalition  force  is  being  attempted  between  DoD  agencies  that  could  be  extended  to 
NATO  working  groups  that  are  interested  in  this  particular  area  of  R&D. 
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Abstract 

Large-eddy  simulation  (LES)  can  provide  the  energy-containing,  three-dimensional, 
time-dependent  turbulent  fields  of  the  atmospheric  boundary  layer  (ABL)  that  are 
useful  in  studying  the  diffusion  of  contaminants  and  effects  of  atmospheric  turbu¬ 
lence  on  propagation  of  electro-magnetic,  electro-optical,  and  acoustic  waves.  We 
focus  on  the  local  structure  of  the  refi-active  index  field  and  its  local  structure- 
function  parameter  in  a  convective  atmospheric  boundary  layer.  We  use  the  local 
structure-function  parameter  in  enhancing  the  instantaneous  vertical  LES  profiles 
of  refractive  index  fluctuations  to  account  for  turbulence  fine  structure.  These 
enhanced  refractive-index  fields  should  be  useful  in  PE  calculations  of  wave  propa¬ 
gation  through  the  ABL. 


1.  Introduction 

Large-eddy  simulation  is  a  powerful  technique  that  provides  three-dimensional,  time- 
dependent,  energy-containing  fields  of  the  atmospheric-boundary-layer  turbulence.  Such 
information  has  been  very  useful  in  analyzing  turbulence  closures  (Moeng  and  Wyngaard, 
1989)  and  in  understanding  the  instantaneous  local  structure  of  the  atmospheric  boundary 
layer  (Schmidt  and  Schumann,  1989;  Khanna  and  Brasseur,  1997).  However,  LES  has  not 
been  fully  explored  for  studying  the  effects  of  atmospheric  turbulence  on  wave  propagation, 
in  part  because  of  the  insufficient  spatial  resolution  of  LES  data. 

The  propagation  of  electro-magnetic  waves,  for  example,  is  influenced  by  local  fluctu¬ 
ations  in  the  refractive  index  n.  A  statistical  measure  of  these  local  fluctuations  in  the 
inertial  subrange  of  spatial  scales  is  the  local  refractive  index  structure-function  parameter 
introduced  by  Peltier  and  Wyngaard  (1995).  It  is  defined  as 

0^2  =  (1) 
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where  e  is  the  local  volume-averaged  dissipation  rate  of  turbulent  kinetic  energy,  and 
Xn  is  the  local  volume-averaged  destruction  rate  of  refractive-index  variance.  is 

a  three-dimensional,  time-dependent,  fluctuating  quantity  as  opposed  to  the  ensemble- 
mean  structure-function  parameter  Ci\f2  defined  through  the  ensemeble-mean  quantities 
e  and  Xn  and  traditionally  used  in  wave-propagation  studies  (Tatarskii,  1971).  Further 
discussion  on  local  volume-averaging  and  the  relevance  of  to  wave  propagation  is 
provided  in  section  2. 

For  propagation  applications,  for  example  PE  calculations  (Gilbert  et  al.,  1996),  one 
often  needs  refractive  index  fields  that  are  vertically  well  resolved  (on  roughly  one-meter 
scales),  since  the  refractive-index  gradients  are  largest  at  these  small  length  scales.  LES 
typically  provides  fields  that  are  spatially  resolved  to  20  —  50  m.  Typical  LES  profiles, 
therefore,  can  lack  the  fine  structure  significant  for  propagation  applications.  We  will 
use  the  local  refractive  index  structure-function  parameter  in  adding  fine  structure  to  the 
instantaneous  LES  profiles. 

We  present  the  local  structure  of  0^2  in  a  convective  boundary  layer  {—ZijL  k.  450) 
simulated  over  a  5  km  x  5  km  x  2  km  domain  using  Moeng  (1984)  LES  code.  We 
also  show  the  LES  profiles  of  refractive  index  fluctuations  at  arbitrary  X-Y  locations  in 
the  horizontally  homogeneous  boundary  layer  and  present  the  enhanced  versions  of  these 
profiles. 

2.  Local  Structure-function  Parameters 

In  large-eddy  simulation  as  well  as  remote  sensing  one  simulates  or  measures  locally 
averaged  quantities.  For  example,  in  LES  the  resolvable-scale  velocity  is  defined  as 

<(Y)  =  Ui{X  -  Y)G{Y)  dY,  (2) 

J  ~00 

where  Ui  is  the  velocity,  a  random  variable,  and  G  is  a  spatial  filter  function.  The  simplest 
filter  function  is  that  of  local  grid- volume  averaging: 

G(X)  =  1;  \X\  <  r  ,, 

a(X)  =  0;  \X\  >  r.  ^  ’ 

In  typical  LES  applications,  r  is  of  the  order  of  20-50  m. 

In  remote  sensing  the  scattered  intensity  from  a  small  volume  in  the  boundary  layer 
(Tatarskii,  1971)  is  given  by 

Es(k,f,t)(x  j  e^^'^n(x)  dx  J  dy,  (4) 

where  k  depends  on  the  frequency  of  propagating  wave  and  the  orientation  of  the  source 
and  the  receiver  with  respect  to  the  scattering  volume  as  shown  in  figure  1.  If  the  charac¬ 
teristic  length  scale  of  the  scattering  volume  is  large  compared  to  the  propagating  wave 
length,  (4)  can  be  approximated  as 

Es{k,  r,  t)  oc  ny{k,  f,  t)  nl{k,  f,  t),  (5) 
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Figure  1  A  schematic  of  scattering  geometry.  S  is  the  source;  R  the  receiver;  V  the 
scattering  volume;  fh  and  n  the  unit  vectors;  and  k  the  wavenumber. 


where  is  the  Fourier  coefficient  of  n  (Batchelor,  1953).  Locally  averaged  averaged 
over  different  directions  of  k  or  time  smaller  than  the  subgrid-eddy  characteristic  time 
scale  (Wilson  et  al.,  1996),  is  then  given  by 

Esik,f,t)  a  =  (7iv2(r)fc"^^/^  (6) 

where  is  the  conditionally  averaged  spectral  density  function  defined  by  Kol¬ 

mogorov  (1962)  and  is  the  local  structure-function  parameter  as  defined  by  Peltier 
and  Wyngaard  (1996).  The  scattered  intensity,  is  therefore  proportional  to  the  local 
structure-function  parameter. 

3.  Preliminary  Results 

To  study  the  local  structure  of  0^2  in  a  convective  boundary  layer  over  ocean,  we 
carried  out  a  128^  simulation  over  a  5  km  x  5  km  x  2  km  domain  with  mild  geostrophic 
wind  speed  (1  m/s)  and  strong  surface  temperature  and  moisture  fluxes  (0.24  m/s  K  and 
0.08  m/s  (g  of  vapor/kg  of  air),  respectively).  The  boundary  layer  depth  was  roughly  700 
m  and  the  Monin-Obukhov  length  scale  L  was  1.5  m.  Due  to  the  entrainment  of  dry  air 
aloft,  the  moisture  flux  at  the  capping  inversion  was  nearly  same  as  its  surface  flux;  the 
temperature  flux  at  the  capping  inversion  was  roughly  10  %  of  its  surface  value. 

Figure  2  shows  the  isosurfaces  of  along  a  vertical  plane  covering  the  entire  bound¬ 
ary  layer  and  along  a  horizontal  plane  near  the  ground.  The  values  are  particularly  large 
in  the  interfacial  layer,  thereby  highlighting  its  instantaneous  local  structure.  The  near¬ 
ground  structure  forms  a  cellular  pattern  characteristic  of  Raleigh-Benard  convection. 

Figure  3  shows  the  isosurfaces  of  the  upward  vertical  velocity  fluctuations  within  the 
mixed  layer  and  the  isocontours  of  0^2  along  a  horizontal  plane  (semi-opaque)  within  the 
interfacial  layer.  The  flgure  indicates  that  the  values  within  the  interfacial  layer  are 
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Figure  2  Isocontours  of  the  local  refractive  index  structure-function  parameter 
along  a  horizontal  and  a  vertical  plane  in  a  convective  boundary  layer. 
Red  represents  the  most  intense  region  and  blue  the  least  intense. 
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Figure  3  Isosurfaces  of  the  positive  vertical  velocity  (yellow)  within  the  mixed  layer  and 
isocontours  of  the  local  refractive  index  structure-function  parameter  along  a 
horizontal  plane  (semi-opaque)  within  the  capping  inversion.  For  the 
isocontours,  red  represents  the  most  intense  region  and  blue  the  least  intense. 
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particularly  large  around  the  thermals  as  they  penetrate  the  capping  inversion. 

We  use  these  local  structure-function  parameters  in  adding  fine  structure  to  the  instan¬ 
taneous  refractive-index  profiles  from  LES  in  order  to  make  them  useful  in  applications  to 
signal  propagation.  In  our  technique,  we  assume  that  the  turbulence  scales  smaller  than 
the  LES  grid  size  are  locally  isotropic  and  hence  exhibit  the  classical  inertial  subrange 
scaling.  To  account  for  intermitten cy  effects,  as  suggested  by  Kolmogoroy  (1962), 
we  use  the  local  structure-function  parameters  to  set  the  inertial-range  amplitude.  We 
add  Gaussian  variability  within  these  ensemble-mean  arguments  to  account  for  local  fluc¬ 
tuations.  A  manuscript  discussing  our  technique  for  enhancing  fine  structure  is  under 
preparation. 

Figure  4  shows  the  instantaneous  vertical  profiles  of  refractive  index  as  obtained  di¬ 
rectly  from  LES  and  after  we  enhanced  the  fine  structure.  The  figure  shows  the  fine-scale 
enhancement  depends  on  the  large-scale  features  predicted  by  LES;  this  is  a  consequence 
of  using  the  local  structure-function  parameter  to  determine  the  amplitude  of  the  added 
fine  structure.  We  believe  the  enhanced  refractive-index  profiles  from  LES  can  form  a 
powerful  data  base  for  studying  the  effects  of  turbulence  on  EM  and  acoustic  wave  prop¬ 
agation. 

4.  Summary 

We  focus  on  the  potential  of  large-eddy  simulation  for  providing  instntaneous  three- 
dimensional  data  sets  for  analyzing  the  affects  of  atmospheric  turbulence  on  EM,  EO,  or 
acoustic  wave  propagation.  We  discuss  the  relevance  of  local  structure  function  parame¬ 
ters  to  propagation  applications,  and  analyze  their  instantaneous  local  behavior  in  some 
detail.  We  show  an  application  of  the  local  structure-function  parameters  in  enhancing 
the  instantaneous  LES  profiles  to  account  for  turbulence  fine  structure.  Further  studies 
using  the  enhanced  profiles  are  currently  underway. 
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Figure  4  Instantaneous  profiles  of  the  modified  refractivity  fluctuations,  (n  -  1)  x  10® 
in  a  convective  boundary  layer:  (a)  resolvable  profile  from  LES,  and 
(b)  enhanced  profile  including  subgrid-scale  contribution. 


References 


Batchelor  G.  K.,  1953:  The  theory  of  homogeneous  turbulence.  Cambridge  University 
Press,  Cambridge,  U.K. 

Gilbert  K.  E.,  Di  X.,  and  Korte  R.  R.,  1996:  Distorted-wave  born  approximation  analysis 
of  sound  levels  in  a  refractive  shadow  zone.  In  the  Proceedings  of  the  7th  Long  Range 
Sound  Propagation  Symposium,  Ecole  Centrale  de  Lyon,  France. 

Khanna  S.  and  Brasseur  J.  G.,  1997:  Three-dimensional  buoyancy-  and  shear-induced 
local  structure  of  the  atmospheric  boundary  layer.  Submitted  to  J.  Atmos.  Sci. 

Kolmogorov  A.  N.,  1962:  A  refinement  of  previous  hypotheses  concerning  the  local 
structure  of  turbulence  in  a  viscous  incompressible  fluid  at  high  Reynolds  number. 
J.  Fluid  Mech.,  13,  82-85. 

Moeng  C.-H.,  1984:  A  large-eddy  simulation  model  for  the  study  of  planetary  boundary- 
layer  turbulence.  J.  Atmos.  Sci.,  41,  2052-2062. 

Moeng  C.-H.  and  Wyngaard  J.  C.,  1989:  Evaluation  of  turbulent  transport  and  dissipa¬ 
tion  closures  in  second-order  modeling.  J.  Atmos.  Sci.,  46,  2311-2330. 

Peltier  L.  J.  and  Wyngaard  J.  C.,  1995:  Structure-function  parameters  in  the  convective 
boundary  layer  from  large-eddy  simulation.  J.  Atmos.  Sci.,  52,  3641-3659. 

Schmidt  H.  and  Schumann  U.,  1989:  Coherent  structure  of  the  convective  boundary 
layer  derived  from  large-eddy  simulations.  J.  Fluid  Mech.,  200,  511-562. 

Wilson  D.  K.,  Wyngaard  J.  C.  and  Havelock  D.  L,  1996:  The  effect  of  turbulent  inter- 
mittency  on  scattering  into  an  acoustic  shadow  zone.  J.  Accoust.  Soc.  Am.,  99, 
3393-3400. 

Tatarskii  V.  L,  1971:  The  effects  of  the  turbulent  atmosphere  on  wave  propagation. 
Keter,  Jerusalem. 


440 


A  Mesoscale  Model  for  EM  Ducting 
in  the  Marine  Boundary  Layer 

Martin  J.  Otte*  Nelson  L.  Seaman,  David  R.  Stauffer,  and  John  C.  Wyngaard 


The  Pennsylvania  State  University 
University  Park,  Pennsylvania 


1.  Introduction 

Meteorological  processes  within  the  marine 
boundary  layer  (MBL)  play  an  important  role 
in  determining  EM  propagation  conditions.  The 
profiles  of  temperature  and  humidity  in  the  at¬ 
mosphere  determine  the  refractivity  conditions. 
Often,  these  profiles  can  lead  to  anomalous  prop¬ 
agation  mechanisms  within  the  MBL.  Exam¬ 
ples  of  these  nonstandard  propagation  mecha¬ 
nisms  include  evaporation  ducts  where  the  spe¬ 
cific  humidity  of  water  vapor  decreases  rapidly 
just  above  the  sea  surface,  and  elevated  trap¬ 
ping  layers  caused  by  the  simultaneous  rapid  in¬ 
crease  in  temperature  and  decrease  in  water  va¬ 
por  within  the  inversion  which  typically  caps  the 
MBL. 

Advances  in  numerical  weather  prediction 
methods,  coupled  with  increased  computing 
power,  are  now  allowing  for  improved  fore¬ 
casts  of  refractivity  conditions  on  the  mesoscale. 
Mesoscale  weather  prediction  models  can  pro¬ 
vide  three-dimensional,  time-dependent  fore¬ 
casts  of  refractivity  on  horizontal  scales  of  about 
10  km  over  a  total  area  of  over  50,000  km^. 
Burk  and  Thompson  (1995)  demonstrate  the  va¬ 
lidity  of  mesoscale  model  forecasts  of  refractiv¬ 
ity  using  the  Navy  Operational  Regional  At¬ 
mospheric  Prediction  System  (NORAPS).  They 
found  that  the  mesoscale  forecasts  performed 
well  in  describing  the  general  refractivity  condi¬ 
tions  observed  during  the  Variability  of  Coastal 
Atmospheric  Refractivity  (VO  CAR)  experiment 
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which  was  conducted  off  the  coast  of  California 
between  Pt.  Conception  and  San  Diego. 

However,  Burk  and  Thompson  note  that  the 
model  did  not  behave  as  well  in  predicting  trap¬ 
ping  layers  and  ducting  events.  There  are  three 
basic  shortcomings  of  mesoscale  models  which 
we  have  identified  that  need  to  be  addressed  for 
them  to  be  useful  for  propagation  assessment: 

1)  Proper  model  initialization.  Mesoscale 
models  typically  use  a  combination  of  global  fore¬ 
cast  model  fields  and  observed  conditions  for 
initialization.  Unfortunately,  the  MBL  is  of¬ 
ten  not  represented  well  in  coarse  global  mod¬ 
els,  and  there  is  a  tremendous  lack  of  mete¬ 
orological  observations  over  the  ocean.  The 
proper  temperature  and  moisture  fields,  which 
determine  the  propagation  environment,  gener¬ 
ally  will  be  absent  in  mesoscale  initial  conditions 
over  the  ocean.  Leidner  and  Stauffer  (1996)  cor¬ 
rect  for  this  deficiency  by  using  climatological 
data  within  the  assimilation  cycle  of  a  mesoscale 
model  with  sufficient  resolution  to  represent  the 
MBL. 

2)  Improved  model  physics.  Mesoscale  mod¬ 
els  contain  “submodels”  which  represent  me¬ 
teorological  processes  that  the  host  mesoscale 
model  cannot  explicitly  resolve.  Examples  of 
these  processes  include  solar  and  longwave  ra¬ 
diative  fluxes,  the  influence  of  subgrid  clouds, 
and  marine  boundary  layer  turbulence.  For  mod¬ 
elling  the  propagation  environment,  it  is  impor¬ 
tant  that  the  MBL  parameterizations  within  the 
mesoscale  model  provide  realistic  MBL  struc¬ 
ture.  We  are  augmenting  the  MBL  scheme 
within  the  mesoscale  model  to  provide  realistic 
profiles  of  temperature  and  humidity,  including 
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the  trapping  layer  height  and  structure. 

3)  Inclusion  of  turbulent  structure.  There 
are  many  meteorological  processes  that  occur 
on  scales  smaller  than  the  grid  spacing  of  the 
mesoscale  model.  Khanna  et  al  (1997)  show 
with  a  fine-scale  numerical  model  the  turbulent 
motions  which  exist  in  the  atmosphere  and  are 
not  represented  by  the  mesoscale  fields.  It  is 
known  that  these  turbulent  motions  can  have  im¬ 
portant  infiuences  on  the  refractivity  field,  and 
produce  scattering  of  the  EM  waves.  Gilbert 
et  al  (1990)  demonstrate  the  importance  of 
the  scattering  contribution  to  propagating  sound 
waves  in  the  atmosphere.  These  subgrid  ef¬ 
fects  must  be  considered  for  mesoscale  refractiv¬ 
ity  forecasts  to  be  complete. 

The  Penn  State  University/National  Cen¬ 
ter  for  Atmospheric  Research  (PSU/NCAR) 
mesoscale  model  MM5  (Grell  et  al)  is  being  used 
to  determine  the  validity  of  using  mesoscale  mod¬ 
els  to  forecast  the  propagation  environment.  The 
model  is  being  augmented  to  correct  for  the  de¬ 
ficiencies  noted  above.  A  description  of  the  nec¬ 
essary  improvements  to  the  mesoscale  model  fol¬ 
lows. 

2.  Marine  Boundary  Layer  Initialization 

The  MM5  mesoscale  model  is  initialized  using 
Four-Dimensional  Data  Assimilation  (FDDA). 
With  FDDA,  analysis  or  individual  observations 
are  assimilated  into  the  model  fields  during  a  pre¬ 
forecast  assimilation  period  (Stauffer  and  Sea¬ 
man,  1994).  Observation  nudging  is  typically 
used  in  data-sparse  regions  to  assimilate  data 
into  the  model.  With  these  techniques,  the 
model  fields  are  nudged  toward  the  observed  val¬ 
ues  during  the  initialization  period  using  a  New¬ 
tonian  nudging  term  in  the  governing  equations. 

With  few  data  available  to  define  the  MBL 
in  the  initial  conditions,  this  technique  does  not 
produce  a  realistic  initial  MBL.  Leidner  and 
Stauffer  hypothesized  that  including  climatolog¬ 
ical  information  in  the  assimilation  cycle  would 
produce  improved  MBL  structure  over  ocean  lo¬ 
cations.  Even  though  the  climatological  condi¬ 
tions  would  not  be  expected  to  describe  the  me¬ 
teorology  at  a  particular  day,  they  provide  sta¬ 


tistically  significant  input  which,  when  combined 
with  the  model  equations,  produces  a  better  ini¬ 
tial  state.  The  climatology  of  Neiburger  et  al 
(1961)  is  used  to  characterize  the  northeast  Pa¬ 
cific  Ocean  during  summer. 

Fig.  1  shows  a  cross  section  of  potential  tem¬ 
perature  and  cloud  water  fields  near  Pt.  Con¬ 
ception  at  the  end  of  the  initialization  cycle.  In 
Fig.  la,  no  climatological  information  was  assim¬ 
ilated,  while  Fig.  lb  includes  the  climatological 
assimilation.  The  climatological  information  al¬ 
lows  for  a  much  stronger  inversion,  which  slopes 
upward  towards  the  west.  Leidner  and  Stauffer 
also  note  that  the  cloud  field  produced  in  Fig.  lb 
agrees  better  with  observations  than  Fig.  la. 
The  stronger,  sloping  inversion  in  Fig.  lb  also 
agrees  better  with  observations,  and  would  con¬ 
ceivably  yield  an  improved  refractivity  environ¬ 
ment.  Fig.  2  shows  the  results  after  a  24  hr  fore¬ 
cast  using  the  results  of  the  assimilation  cycle 
shown  in  Fig.  1.  The  important  point  to  note  is 
that  the  model  is  able  to  retain  the  strong,  slop¬ 
ing  inversion  through  the  forecast  period,  while 
this  structure  has  not  yet  formed  in  the  experi¬ 
ment  without  the  climatological  nudging. 

3.  Model  Parameterizations 

With  improved  model  initialization,  the  next 
step  is  to  improve  the  model  physical  parameter¬ 
izations  to  ensure  realistic  profiles  within  the  ma¬ 
rine  boundary  layer.  The  three  distinct  regions 
of  the  MBL  to  be  parameterized  are  the  surface 
layer,  the  mixed  layer,  and  the  inversion  layer. 
Each  of  these  regions  is  shown  in  Fig.  3,  along 
with  a  schematic  of  the  mean  profiles  of  potential 
temperature  0,  specific  humidity  and  mod¬ 
ified  refractivity  M  typically  found  within  the 
marine  boundary  layer.  These  regions  typically 
produce  an  elevated  trapping  layer  and  surface- 
based  duct  within  the  MBL. 

The  surface  layer  occupies  approximately  the 
lowest  10%  of  the  MBL  adjacent  to  the  sea  sur¬ 
face.  It  is  the  region  of  the  MBL  which  is  the 
most  studied.  An  evaporation  duct  often  exists 
within  the  marine  surface  layer  due  to  the  rapid 
decrease  of  humidity  with  height  just  above  the 
sea  surface.  The  mean  temperature  and  humid- 
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Fig.  1.  Simulated  cross  sections  of  potential  temper¬ 
ature  (thin,  every  2K)  and  cloud  boundary  at  t=0 
(0000  UTC  4  August  1990)  for  (a)  no  climatological 
assimilation  and  (b)  with  climatological  assimilation. 
After  Leidner  and  Stauffer  (1996). 

ity  profiles  within  the  surface  layer  can  be  mod¬ 
elled  using  Monin-Obukhov  similarity  as: 

e(z)=e.-|(i„£-*.)  (1) 

(2) 

where  0  is  the  potential  temperature  and  q 
the  specific  humidity  of  water  vapor  at  height 
2:,  k  is  Von  Karman’s  constant,  zq  is  the  sur¬ 
face  roughness  length,  0*  and  are  scales  for 
temperature  and  humidity,  respectively,  and 
is  a  stability-dependent  correction  to  the  neu¬ 
tral  profile.  Rogers  and  Paulus  (1997a)  give  a 
good  summary  on  how  models  based  on  Monin- 
Obukhov  similarity  are  used  to  provide  the  re- 


Fig.  2.  Same  as  Fig.l,  but  at  t=24  h. 


Fig.  3.  An  idealized  schematic  showing  the  three 
regions  of  the  MBL  along  with  typical  mean  profiles 
of  potential  temperature  0,  humidity  q,  and  resulting 
modified  refractivity  M. 
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Tractive  conditions  within  the  surface  layer  and 
predict  evaporation  ducts. 

The  mixed  layer  extends  from  just  above  the 
surface  layer  up  to  the  inversion  which  caps  the 
MBL.  The  mean  profiles  of  potential  tempera¬ 
ture  and  humidity  are  often  nearly  well-mixed 
in  this  region  due  to  the  large  turbulent  eddies 
which  exist  within  the  mixed  layer.  The  tur¬ 
bulent  eddies  get  their  energy  from  the  mean 
shear,  surface  buoyancy  forcing,  and  radiative 
cooling  produced  at  the  top  of  the  stratocumu- 
lus  clouds  which  often  cap  the  MBL.  We  are  cur¬ 
rently  looking  at  observations  and  fine-scale  nu¬ 
merical  modeling  datasets  to  formulate  a  model 
of  the  marine  mixed  layer  which  will  provide  re¬ 
alistic  mean  temperature  and  humidity  profiles. 

Within  the  inversion  region  which  caps  the 
MBL,  the  potential  temperature  increases  and 
the  specific  humidity  decreases  rapidly  with 
height,  often  leading  to  elevated  trapping  lay¬ 
ers  and  surface-based  ducts.  The  important  con¬ 
siderations  for  modeling  this  region  include  the 
height  of  this  trapping  layer,  and  the  vertical  gra¬ 
dients  which  exist  there.  Ignoring  advection,  the 
trapping  layer  depth  h  is  determined  from: 

dh  .  . 

—  =  W-We  (3) 

where  w  is  the  large-scale  vertical  velocity  pro¬ 
duced  by  the  mesoscale  model,  and  We  is  the  rate 
that  the  MBL  turbulence  is  entraining  air  from 
above;  We  must  be  parameterized.  Often,  a  fine 
balance  exists  between  these  two  values,  result¬ 
ing  in  discrepancies  in  trapping  layer  depth  be¬ 
tween  models.  Again,  we  are  looking  at  datasets 
from  large-eddy  simulation  (LES)  to  parameter¬ 
ize  the  entrainment  rate  which  determines  the 
trapping  layer  depth  and  the  mean  gradients 
which  exist  there. 

4.  Subgrid  Information 

Even  if  the  mesoscale  model  could  produce 
perfect  forecasts  of  the  mean  refractive  condi¬ 
tions,  there  would  still  be  problems  in  using  the 
mesoscale  profiles  due  to  the  subgrid  meteoro¬ 
logical  effects  which  are  not  represented  by  the 
mesoscale  model.  Turbulence  which  is  subgrid 


to  the  mesoscale  model  induces  random  pertur¬ 
bations  on  the  large-scale  refractive  profiles  pro¬ 
duced  by  the  mesoscale  model.  Fig.  4  shows  the 
local  refractive  index  structure  function  parame¬ 
ter  (5/^2  obtained  through  LES  by  Khanna  et  al. 
(1997).  Peltier  and  Wyngaard  (1995)  discuss  the 
importance  of  this  parameter  to  the  scattering  of 
transmitted  waves  by  turbulence.  This  field  rep¬ 
resents  a  snap-shot  of  the  squared  intensity  of 
refractivity  n  at  inertial-range  scales  of  motion. 

It  is  clear  from  Fig.  4  that  there  is  a  large  tur¬ 
bulent  influence  on  the  refractivity  field  near  the 
inversion  region  at  the  top  of  the  MBL.  This  is 
due  to  the  undulations  in  the  inversion  caused  by 
the  MBL  turbulence.  These  undulations  in  the 
inversion  result  in  additional  anamolous  propa¬ 
gation  and  scattering  of  EM  waves.  Data  from 
vertically  pointing  acoustic  sounders  also  clearly 
show  the  strong  turbulent  scattering  of  waves 
due  to  the  large  perturbations  in  the  refractivity 
field  at  the  inversion. 

Khanna  et  al.  discuss  large-eddy  simulation 
and  how  it  can  help  describe  the  propagation 
characteristics  within  the  MBL.  However,  LES 
is  not  an  operational  tool  to  predict  the  propa¬ 
gation  environment.  With  the  large  computing 
time  needed  to  run  LES,  it  is  only  used  as  a  re¬ 
search  tool  to  help  us  understand  the  structure  of 
the  MBL.  LES  is  being  used  to  develop  datasets 
that  will  allow  us  to  augment  the  fields  produced 
by  the  mesoscale  model  to  include  the  effects  of 
turbulence  on  the  refractivity  environment. 

5.  Conclusions 

Advances  in  mesoscale  meteorological  model¬ 
ing  and  increased  computing  power  are  allow¬ 
ing  for  forecasts  of  refractive  conditions  within 
the  MBL.  However,  there  still  are  some  im¬ 
provements  needed  in  mesoscale  models  for  them 
to  be  applicable  for  propagation  assessment. 
We  identified  problems  with  mesoscale  model 
initialization,  MBL  physical  parameterizations, 
and  the  influence  of  subgrid  turbulence.  We 
have  begun  to  look  at  these  problems,  but 
they  will  only  be  solved  by  interaction  between 
the  mesoscale  modeling,  atmospheric  turbulence, 
and  EM  propagation  communities. 
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The  data  assimilation  results  show  how  us¬ 
ing  alternate  forms  of  data  over  observation- 
sparse  areas  can  result  in  improved  initial  condi¬ 
tions  and  model  forecasts.  Other  forms  of  data 
which  may  be  useful  over  ocean  locations  include 
propagation  measurements  (Rogers  and  Paulus, 
1997b).  Even  with  the  inherent  ambiguities  in 
inverting  propagation  measurements  to  deter¬ 
mine  the  atmospheric  state,  this  data  may  still 
give  statistically  significant  information  which, 
when  combined  with  the  mesoscale  model  equa¬ 
tions,  produces  better  initial  conditions  and  fore¬ 
casts. 
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Fig.  4.  A  cross  section  of  a  large-eddy  simulation  of  the  MBL  showing  the  local  refractive  index  structure 
function  parameter  (?7V2.  Dark  regions  denote  high  (7jv2  indicating  large  turbulent  perturbations  in  the 
refractivity  field  at  inertial-range  scales.  The  model  shows  the  largest  Cpj2  near  the  top  of  the  MBL  at  the 
inversion,  which  is  caused  by  turbulent  undulations  in  the  inversion.  The  model  domain  is  about  1  km  in 
the  vertical  and  2  km  in  the  horizontal 
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Abstract 


The  DOD  and  other  agencies  interested  in  cloud  simulations  have  used  fractal-based  synthetic  cloud  generators 
since  Lovejoy  (1982)  showed  the  fractal  behavior  of  clouds.  Fractal  generators  are  attractive  because  they  allow 
simulations  managers  to  control  the  synthetic  cloud’s  statistical  moments.  One  of  the  most  appealing  features  of 
fractal  mediods  is  that  simulated  scenes  can  be  produced  at  a  variety  of  scales  with  just  one  number,  the  fractal 
dimension.  This  paper  analyzes  the  temporal  and  spatial  behavior  of  the  fractal  dimension  of  cloud  fields  of  scale 
sizes  from  1280  km  to  10  km.  The  variations  in  the  fi^ctal  dimension  over  time  and  space  will  be  shown  to  be 
significant  and  must  be  considered  by  the  simulations  community. 

Introduction 

Fractal  scene  generators  create  realistic  looking  clouds  as  the  environmental  backdrop  for  DOD  weapons  and 
exercise  simulators.  Realism,  as  an  esthetic  parameter  judged  by  the  human  eye,  may  not  be  sufficient  to  produce 
simulated  results  whose  output  must  reproduce  results  that  mimic  real-world  scenarios.  If  the  simulations  scenarios 
are  based  on  specific  locations  and  times  in  the  real-world,  then  the  synthetic  clouds  should  exhibit  the  same  mean 
cloud  coverage,  structure,  and  gradients  as  the  cloud  climatologies.  This  paper  represents  the  first  fractal  analysis 
using  the  CHANCES  database  (Vonder  Haar,  1995).  This  5-km,  hourly,  global  database  is  ideal  for  generating  the 
fractal  dimension  for  large  cloud  fields.  This  study  produced  fractal  dimensions  for  a  massive  data  set  which 
includes  over  80  percent  of  the  Northern  Hemisphere  for  June  and  July  of  1994.  Approximately  1600  hourly  5-km 
cloud  scenes  of  the  Northern  Hemisphere  were  used  in  this  analysis. 

Methodology  and  Data 


The  CHANCES  database  is  described  in  a  companion  paper  in  the  Conference  Preceedings,  Forsythe  et  al. 
(1997).  Fractal  analysis  of  clouds  using  this  dataset  is  straightforward  because  the  database  is  in  a  constant  area 
molwede  projection.  The  nature  of  the  database,  i.e.  a  5-km,  hourly,  global  coverage,  makes  it  ideal  to  probe  the 
finctal  nature  of  large-scale  cloud  systems.  Three  specific  scenes  were  analyzed  for  fractal  dimension.  These  three 
scenes  were  created  by  using  the  IR  images  in  the  CHANCES  dataset  and  thresholding  the  radiances  for 
temperatures  greater  than  273, 263  and  253  Kelvin,  respectively.  Because  of  the  nature  of  the  satellite  geometry 
and  retrieval,  the  273  degree  threshold  cloud  analysis  contains  all  of  the  263  scene  and  the  263  degree  scene 
contains  all  of  the  253  degree  thresholded  scene.  These  three  closely  spaced  temperature  threshold  analyses  were 
selected  to  investigate  the  multifractal  or  textural  nature  of  the  scenes. 

We  used  the  Box  Counting  method  of  fractal  analysis  as  describe  by  Walsh  and  Watterson  (1993).  Each  of 
the  cloud/no  cloud  scenes  generated  by  the  three  temperature  thresholds  were  run  against  the  box  counting  method. 
We  selected  an  outside  domain  of 256  x  256  pkels  or  1280  x  1280  kilometers.  Larger  domain  sizes  were 
“saturated”  in  that  they  provided  no  useful  information  since  they  invariably  had  at  least  one  pkel  filled  with  cloud. 
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Via  box  coimting,  the  filled  vs.  Total  domain  size  counts  of  the  image  were  collected  as  the  domain  size 
was  halved  in  both  dimensions.  A  log-log  plot  was  generated  and  a  linear  regression  fit  was  applied  to  the  points. 
The  six  data  points  that  the  linear  fit  was  generated  from  were  limited,  like  all  box  counting  techniques,  by  the 
smallest  (5  km)  and  largest  (1080  km)  scale  sizes  allowed  by  the  data.  The  slope  of  the  linear  regression  line 
defined  the  fractal  dimension  of  the  scene  in  question. 

Data  Domain 


The  CHANCES  data,  including  all  consecutive  hours  from  June  and  July  of  1994  was  analyzed. 


Figure  2  -  Grayscale  depiction  of  Fractal  Dimension  at  273, 263,  and  253  Degree  Thresholds 
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Figure  2  shows  the  fractal  dimension  of  the  three  temperature  thresholds.  Note  that  the  blocks  in  the  images  are  the 
256  X  256  pixel  domains  of  the  box  counting  analysis.  The  gray  scale  indicates  the  fractal  dimension.  These  three 
plates  are  simultaneous  in  time  and  the  same  time  as  the  IR  image  in  Figure  1.  The  difference  at  any  pixel  location 
between  the  three  analyses  is  the  multi-fractal  texture.  Black  density  depicts  a  fractal  dimension  of  1.0  or  represents 
clear  areas  in  the  cloud  analysis.  One  of  the  more  interesting  findings  of  this  analysis  was  the  strong  dependence  of 
the  fractal  dimension  on  the  cloud  cover  percentage. 


Figure  3  -  Fractal  Dimension  vs  Cloud  Cover  Percentage  all  Data  for  273  and  253  Degree  Threshold  Analysis 

Figure  3  shows  the  fiactal  dimension  vs.  cloud  cover  for  the  273  and  the  253  degree  threshold  analyses.  After 
inspection  of  the  scatter  diagrams,  the  scatter  is  predicable.  At  low  cloud  cover  fractions,  the  satellite  is  more  likely 
to  detect  multiple  layers  of  clouds  in  different  turbulence  regimes  in  one  scene.  Also  the  degrees  of  freedom  or  the 
possible  ways  clouds  can  be  structured  are  more  numerous.  Both  of  these  possibilities  are  reflected  in  the  high 
scatter  of  the  ftuctal  dimension  on  the  low  end  of  the  cloud  cover  axis.  On  the  other  hand,  as  the  scene  approaches 
total  cloud  cover,  the  likelihood  of  a  cloud  shield  obscming  lower  level  clouds  increases  and  the  satellite  view  is 
more  likely  to  only  see  one  turbulence  regime  associated  with  the  top  and  obscuring  layer  of  cloud.  Additionally, 
the  fractal  dimension  of  a  totally  covered  scene  is  always  2.0.  Lower  numbers  are  not  possible  so  it  stands  to  reason 
that  high  cloud  cover  fractions  must  approach  2.0  in  fractal  dimension  and  that  the  scatter  must  approach  zero  as  the 
coverage  approaches  100  percent. 

Temporal  Variations  in  Fractal  Dimension  and  Multi-Fractal  Values 

Figure  4  shows  a  500  hour  consecutive  time  series  of  fiuctal  dimension  variation  in  a  single  domain  along  the 
central  Florida  coast  starting  on  22  June,  1994.  Several  features  are  worth  comment: 

1.  As  expected,  the  fractal  dimension  of  the  273  degree  threshold  is  always  larger  than  the  263  degree 
threshold  analysis  which  in  turn  is  larger  than  the  253  degree  threshold  analysis.  This  is  the  result  of 
the  strong  dependence  on  cloud  cover  which  shares  the  same  relative  ranking 

2.  There  is  a  strong  diurnal  signal  in  the  cloud  cover  and  even  a  stronger  signal  in  the  fractal  dimension. 

3.  The  textural  or  multi-fractal  signal,  which  is  represented  by  the  divergence  in  the  fractal  dimension 
between  the  three  threshold  values  is  strongly  dependent  upon  cloud  cover  percentage  with  the  most 
“texture”  associated  with  the  less  cloudy  periods. 

4.  The  variation  in  fractal  dimension  and  texture  have  similar  temporal  behaviors. 

These  conclusions  are  representative  of  all  locations  and  times  in  the  study  domain. 
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Florida  Atlantic  Ocean  Domain  Time  Series 


Figure  4  Time  series  of  fractal  dimension  for  central  eastern  Florida  coast 


Scale  Break  Considerations 

The  six  data  points  generated  by  the  Box  Counting,  and  used  to  calculate  the  fractal  dimension  were  also  used  to 
determine  whether  there  was  a  scale  break  feature  in  the  fractal  domain.  This  was  accomplished  by  filtering  the 
data  points  for  regression  fit  and  assuming  the  data  fit  two  different  lines  when  the  lower  regression  fits  were 
observed.  The  subsequent  for  the  two  line  regressions  were  again  filtered  to  include  only  regressions  of  greater 
than  0.9999.  This  very  high  correlation  thus  assured  that  the  two  lines  represented  real  fractal  dimension  values. 

The  two  lines  were  then  solved  for  their  intersection.  This  intersection  represents  the  scale  break  in  kilometers  in  the 
analyzed  domain. 

Figure  5  shows  the  histograms  of  scale  break  frequencies  for  the  entire  data  set.  The  histograms  are  categorized  in 
two  different  ways.  First  in  standard  50  km  cases  and  second,  in  97  km  cases.  The  97  km  bin  was  selected  because 
it  represents  twice  the  RTNEPH’s  47  km  resolution.  Many  DOD  researchers  use  the  RTNEPH  cloud  analysis  to 
generate  fractal  dimensional  values.  Often,  fractal  dimensions  are  extrapolated  to  smaller  scales  so  cloud  scenes  at 
resolutions  well  below  the  resolution  of  the  supporting  data,  can  be  generated  m  tactical  and  one-on-one  simulators. 
This  is  acceptable  if  there  is  no  scale  break.  As  an  example,  if  the  Army  is  interested  m  a  fractally  generated  cloud 
scene  at  the  5-km  scale,  and  used  a  fractal  dimension  seed  from  the  RTNEPH  database,  the  artificial  cloud  would 
only  be  representative  of  real-world  clouds  if  there  was  no  scale  break  between  5  km  and  97  km.  If  there  were  a 
break  at  these  scale  lengths,  the  fractal  dimension  of  the  correct  cloud  scene  would  be  unresolvable  by  the 
RTNEPH  database.  The  histograms  indicate  that  there  are  scale  breaks  unresolvable  by  the  RTNEPH 
approximately  50  percent  of  the  time  over  most  of  the  Northern  Hemisphere.  Our  analysis  misses  another  class  of 
scale  breaks  entirely,  i.e.  scale  breaks  below  10  km  where  the  CHANCES  database  is  unable  to  resolve  the  fractal 
dimension  change. 
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273  DcgtM  ThruhoM 
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The  Linear  Regression  Issue  -  Are  All  Cloud  Fields  Fractal? 

The  assumption  in  this  paper  and  the  opinion  of  many  researchers  is  that  clouds  are  fractal.  Lovejoy’s  first  paper 
showed  an  analysis  with  the  data  collected  for  a  large  cloud  scene  with  the  data  falling  amazingly  close  to  a  linear 
regression  line.  The  question  is  how  good  a  fit  is  required  to  be  fi^ctal.  In  preliminary  studies  we  used  the  Box 
Coimting  method  on  simple  geometrical  objects.  Objects  such  as  a  square  are  clearly  not  fi-actal  because  they  do  not 
conform  to  the  basic  requirement  of  self  similarity  at  various  scale  sizes.  Box  Counting  yields  an  regression  fit 
of 0.9933  and  a  fractal  dimension  of  1 . 1 346  for  a  square  of  3  by  3  in  a  analysis  domain  of  8  x  8  pixels.  Most 
researchers  in  the  physical  sciences  would  be  quite  happy  with  correlations  of  better  than  0.9.  Apparently,  very 
high  correlations  do  not  necessarily  imply  fi-actal  behavior.  Figure  6  shows  the  breakdown  of  correlation 
coefficients  for  all  of  the  Northern  Hemisphere  summer  data.  The  data  in  the  case  bins  less  than  0.99  and  between 
0.99  and  .995  are  suspect  in  terms  of  their  fi-actal  behavior.  Cloud  features  anchored  to  terrain  or  coastal  features 
may  not  be  treatable  with  fi-actal  methods. 


451 


R  Squared  Value 


Figure  6  Histograms  of  Linear  Regression  Fit  for  all  Analyzed  Data 


Conclusions 

1 .  Large  scale  cloud  features  can  in  general  be  treated  with  fractal  techniques. 

2.  The  application  of  a  given  fractal  dimension,  generated  at  a  given  place  and  time  must  not  be  used  at  other 
locations  or  times.  The  temporal  and  spatial  variation  in  the  fractal  dimension  is  too  great  to  assume  much 
representative  spread  in  its  use. 

3.  If  fractal  cloud  scene  generators  are  being  used  to  yield  extrapolated  scenes  with  resolutions  well  below  twice 
the  resolution  of  the  original  data  set,  the  fractal  dimension  used  to  seed  the  generator  has  at  least  a  50-50 
chance  of  being  in  error.  If  the  intent  of  the  artificial  scene  is  just  to  show  a  realistic  looking  cloud,  there  is  no 
problem.  If  on  the  other  hand,  the  intent  is  to  create  a  cloud  scene  that  represents  the  proper  statistical  moments 
of  the  real  cloud  climatology  for  a  specific  location  and  time,  the  result  is  likely  to  be  wrong. 
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Variables  for 
Northern 
Hemisphere 

Number  of 
Samples 

Mean 

Std.  Deviation 

Cloud  %  273 

13680 

30.53 

17.99 

Cloud  %  263 

13680 

21.68 

15.07 

Cloud  %  253 

13680 

14.46 

12.067 

Fractal  Dim 

13680 

1.687 

.145 

273 

Fractal  Dim 

13680 

1.61 

0.162 

263 

Fractal  Dim 

13680 

1.506 

0.186 

253 

Variables  for 
Florida 

Number  of 
Samples 

Mean 

Std.  Deviation 

Domain  only 

Cloud  %  273 

961 

29.26 

14.67 

Cloud  %  263 

961 

21.48 

12.68 

Cloud  %  253 

961 

15.22 

10.42 

Fractal  Dim 

961 

1.654 

0.143 

273 

Fractal  Dim 

961 

1.567 

0.174 

263 

Fractal  Dim 

961 

1.472 

0.211 

253 
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Forecasting  of  fog/cloud  and  precipitation  by  the  Battlescale  Forecast  Model  (BFM) 
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White  Sands  Missile  Range,  New  Mexico  88002-5501 


The  Battlescale  Forecast  Model  (BFM),  which  was  developed  at  the  US  Army  Research 
Laboratory  (ARL),  is  a  major  part  of  the  US  Army  Integrated  Meteorological  System  (IMETS) 
Block  n  software.  The  BFM  can  be  used  operationally  over  any  part  of  the  world  by  using 
meteorological  data  obtained  through  the  Automated  Weather  Distribution  System  (AWDS). 

The  BFM  is  capable  of  making  24  hour  weather  forecast  which  includes  wind,  temperature,  and 
relative  humidity,  as  well  as  fog/cloud  coverage  and  precipitation  rate/amount.  In  the  model,  the 
cloud  liquid  water  content  is  calculated  by  using  the  probability  density  function  (  Sommeria  and 
Deardoff,  1977,  Mellor,  1977,  and  Yamada  and  Mellor,  1979),  and  the  precipitation  rate/amount 
are  calculated  by  the  scheme  of  Sundqvist  et  al(1989). 

The  model  has  been  applied  to  several  precipitation  cases  over  different  areas,  and  produced 
reasonable  forecast  results. 

I.  Introduction 

The  U.S.  Army  Research  Laboratory,  Battlefield  Environment  Directorate  (ARL,  BED)  has 
developed  the  Battlescale  Forecast  Model  (BFM)  for  operational  short-range  ( up  to  24  hours) 
forecasting  over  areas  of  500  km  by  500  km  or  smaller.  The  BFM  can  be  used  operationally  over 
any  part  of  the  world  by  using  meteorological  data  obtained  through  the  U.S.  Air  Force 
Automated  Weather  Distribution  System  (AWDS),  and  is  a  major  part  of  the  U.S.  Army 
Integrated  Meteorological  System  (IMETS)  Block  n  software.  Meteorological  data  includes  the 
U.S.  Air  Force  Global  Spectral  Model  (GSM)  gridded  forecast  data,  in  addition  to  conventional 
upper  air  sounding  and  surface  data. 

The  BFM  is  composed  of  several  elements  such  as  (1)  terrain  elevation  data  deduction  program, 
(2)  three  dimensional  data  analysis  programs  for  initialization  and  assimilation,  (3)  prognostic 
mesoscale  model,  HOTMAC  (Yzimada  and  Bunker,  1989),  (4)  horizontal  and  vertical  displays  of 
forecasting  results,  (5)  graphical  user  interfaces  for  execution  of  the  BFM  and  for  display  of 
different  output,  (6)  input/output  archiving  system,  and  (7)  map  background  module  to  help 
execution  and  display. 

The  objectives  of  the  present  paper  are  to  describe  how  cloud/fog  and  precipitation  are  calculated 
in  the  BFM,  and  to  show  some  examples  of  fog/cloud  and  precipitation  forecast  results. 
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II.  Cloud/Fog  formation 

In  most  of  the  mesoscale  models  (i.e,  Golding,  1990,  Pielke  et  al,  1992,  Anthes  and  Warner, 
1978),  the  critical  humidity  for  cloud  formation  is  saturation  over  water  or  ice,  which  depends 
on  temperature,  and  all  water  vapor  in  excess  of  water/ice  saturation  is  converted  to  cloud 
water/ice. 

Furthermore,  it  is  assumed  that  a  computational  grid  volume  is  either  entirely  saturated  or 
entirely  unsaturated.  Even  for  a  relatively  small  grid  volume  such  as  (50  m)^  this  assumption  is 
sometimes  in  error  because  substantial  portions  of  cloud  volume  may  contain  unsaturated  air 
near  the  cloud  edge  or  in  the  cloud  due  to  mixing  and  entrainment  ( Sommeria  and  Deardorff, 
1977 ). 

The  present  scheme  takes  into  consideration  the  dependencies  of  mean  cloud  fraction  and  mean 
liquid  ( cloud )  water  content  upon  humidity  statistics,  assuming  Gaussian  quasi-conservative 
properties.  It  is  assumed  that  the  quasi-conservative  variables,  liquid  water  potential  temperature 
( 0, )  and  liquid  water  mixing  ratio  (Q, )  have  the  Gaussian  joint  normal  probability  distributions 
within  any  given  volume.  This  assumption  implies  that  those  air  parcels  existing  within  any 
given  volume  have  had  complicated  past  trajectories  and  have  not  selectively  been  subjected  to 
rapid  changes  in  0,  and  Q, 

The  Gaussian  joint  normal  distribution  function  is  given  by: 


G- - ^ - e3q)[- 


(1-^^  2o,,^ 


(—L—r- 


(1) 


where  0^  and  q„,  are  the  fluctuations  of ,  respectively,  liquid  water  potential  temperature  and  total 
water  mixing  ratio,  and 

(2) 


a  ^ 

W  "w 


(3) 


(4) 


Overbars  represent  the  mean  properties  of  variables.  The  local  condensation  is  assumed  to  be 
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given  by 


Q,  =  (Qw-Qs)H(Q, -Q,)  (5) 

where  is  total  cloud  water  content,  is  saturation  mixing  ratio,  and  H(x)  is  a  Heaviside 
function,  defined  as 


H(x)=0,  x<0 


1,  x>0 

Let  us  define  the  following  parameters: 

'  c 


(6) 
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b=-a - Q 

<0>  ^ 
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AQ  =  Qw-Qs, 


9Q  L  Q, 

fi^.r=(-^)r.rr0-622  ^ 


— 
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d  -4/ 


(8) 


(9) 


(10) 


Q„=0.622e,(T,)/(P-e3(T,)) 


(11) 

(12) 


and 

T,  =  (P/PofOi  (13) 

Here  Qsiis  the  mean  saturation  mixing  ratio  of  water  vapor  at  T,:  T,  is  the  liquid  water 
temperature,  e^fT,)  is  the  saturation  water  vapor  pressure  at  T,;  is  the  gas  constant  for  water 
vapor,  and  Ly  is  the  latent  heat  of  condensation. 

A  function  R  which  indicates  a  fraction  of  cloud  coverage  for  a  given  volume  of  air  is  given  by 
(Mellor,  1977): 
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(15) 


Cloud  water  mixing  ratio  Q;  is  given  by: 

fir2o,[J?fi..^exp(-^)] 

2 


(16) 


where 


(17) 


(18) 


Finally,  q/,  the  variance  of  the  cloud  water  mixing  ratio,  is  expressed  as 


?c  «  Ql  /n  \  1  _ r  Si 


4o: 


=i?[l.(e,.2£L)F(0,-£L). 


2o 


exp[-— ] 

20/^  2' 


(19) 


Figure  1  shows  R,  QJ2a^,  and  qc^/4a5^  as  a  function  of  Qi  obtained  according  to  eqns.  (14),  (16), 
and  (19),  respectively. 

As  seen  from  Figure  1,  a  fraction  of  cloud  coverage  R  varies  gradually  with  Qi  and  takes  non¬ 
zero  values  even  if  Qi  is  negative.  In  other  words,  clouds  can  exist  even  if  the  mixing  ratio  of 
water  vapor  averaged  over  a  grid  volume  is  not  saturated.  This  is  realistic  because  the  grid 
spacing  normally  used  in  mesoscale  models  is  larger  than  the  size  of  small  clouds.  Therefore,  the 
present  cloud  model  can  use  a  relatively  large  grid  spacing  that  could  save  computational  time 
substantially.  A  statistical  cloud  model  such  as  the  present  one  avoids  the  ambiguous 
condensation  criteria  often  used  by  coarse  grid  models;  saturation  values  are  lowered  arbitrarily 
to  compensate  for  the  amount  of  cloud  that  is  not  resolved  by  grid. 

In  the  BFM,  the  total  cloud  water  content,  Wtotai.  from  the  ground  surface  to  the  top  of  model 
atmosphere  is  calculated  and  the  horizontal  distribution  of  Wtotai  is  displayed.  is  calculated 
as: 
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(20) 


H^z 
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'^rpQ.dz- 


where  p  is  the  air  density. 


Qj  ■  oAQ/(2o’j) 

Figure  1  R,  QJ2o^  and  q(.V4a/  as  a  function  of 
Q,(=a(Qw-Qsi)/2o,) 


ni  Precipitation  rate 

Since  micro-physical  processes  of  precipitation  formation  are  not  included  in  the  model,  the 
precipitation  rate  is  parameterized  as  a  function  of  cloud  liquid  water.  The  scheme  developed  by 
Sundqvist  et  al  (1989)  is  incorporated  in  the  BFM.  The  basic  assumption  is  that  the  denser  the 
cloud  the  higher  the  precipitation  rate. 

The  rate  of  release  of  precipitation  is  described  by 

p-cj3jii^<-^n  (21) 


Here,  I/Cq  is  regarded  as  a  characteristic  time  for  the  conversion  of  cloud  droplets  into 
precipitation  particles  (raindrops,  or  snow  particles),  R  is  a  fraction  of  cloud  coverage  described 
in  the  previous  section,  and  is  a  kind  of  threshold  value  for  cloud  water,  which  Q^R  must 
exceed  before  the  release  of  precipitation  can  become  efficient.  The  parameter  „  should  have 
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a  value  typical  of  individual  cloud  type,  which  is  invariant  to  grid  resolution. 

The  rate  of  precipitation,  P/z*),  at  a  z*-level  is  given  by 

U'^Z  “ 

”p(?*)Pdz*  (22) 


Here,  H  is  the  depth  of  model  atmosphere,  Zg  ^a,^  is  the  highest  terrain  elevation  in  model  domain, 
Zg  is  terrain  elevation,  and  is  the  air  density. 

In  order  to  simulate  the  coalescence  process,  Sundqvist  et  al  (1989)  introduced  an  additional 
parameter  F„  This  parameter  increases  with  the  rate  of  precipitation  and  multiplies  Q  and 
divides  Q^cr-  The  relation  is: 


F„(z*)=l+C,Pr(z*)''^  (23) 

Similarly,  Q  increases  and  „  decreases  by  a  temperature  function,  when  the  temperature 
is  lower  than  -5  °C  in  clouds  containing  a  mixture  of  droplets  and  ice  crystals  (Bergeron- 
Findeisen  mechanism).  This  formulation  is: 

Fbf=  1  +  C2(268.0  -  T(z*))''2  (24) 

The  two  modified  parameters  Qp  and  Q(c,cr)F  become,  respectively: 

Cqf  =  Co»F ^oFgp  (25) 

Q(c.cr)F^Qc,c/OP'»‘FBF)  (26) 

Thus,  the  precipitation  rate  at  the  surface  is  calculated  as: 


f"p>)CoFgc(^*)[l-exp(-(^^)^)]dfe. 
Jo  1 


H 


P 

“  w 


(27) 


where  is  the  density  of  water.  Pr(0)  is  calculated  in  the  unit  of  (mm/hr)  or  (inches/hr). 


IV.  Examples  of  fog/low  level  cloud  and  precipitation 

The  BFM  was  applied  to  the  Bosnia  area  for  the  24  hour  period  of  12  GMT,  December  19 
through  12  GMT,  December  20,  1995.  On  December  20,  the  air  traffic  over  the  area  was 
hampered  by  bad  visibility  and  falling  snow.  The  model  simulated  cloud  formation  over  the  area 
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(1)  (2) 

Figure  2.  Cloud  cover  over  Bosnia,  ( 1 )  at  23  GMT  on  December  19, 1995,  and  (  2  )  at  00  GMT 
on  December  20, 1995. 


Figure  3.  Vertical  profiles  of  total  water  content  (g/kg),  cloud  water  content  (g/kg),  and  relative 
humidity  (%),  ( 1 )  at  00  GMT,  and  ( 2 )  at  01  GMT,  December  20,  1995. 
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at  the  late  evening  of  December  19,  and  total  cloud  coverage  over  the  entire  model  domain  from 
01  GMT  to  12  GMT  of  December  20. 

Figure  2(1)  and  (  2  )  show  the  cloud  coverages  at  23  GMT  on  December  19,  and  00  GMT  on 
December  20.  The  figures  show  the  distribution  of  the  weight  of  liquid  water  over  a  unit  area  (g 
/m^ ),  and  the  denser  the  white  color,  the  denser  the  cloud.  The  figures  may  represent  the  cloud 
picture  taken  from  far  above.  As  can  be  seen,  the  area  covered  by  cloud  increased  in  the  one 
hour,  and  at  01  GMT  on  December  20,  the  entire  area  was  covered  by  cloud. 


Figure  3(1)  and  ( 2 )  show  the  vertical  profiles  of  total  water  content  (g/kg),  cloud  water 
content  (g/kg),  and  relative  humidity  (  % ),  at  the  center  point  of  the  model  domain.  ( 1 )  is  for  00 
GMT,  December  20,  and  ( 2 )  is  for  01  GMT,  December  20.  At  01  GMT,  the  entire  area  was 
covered  by  cloud.  In  one  hour,  total  water  water  content  increased  significantly,  and  cloud  water 
content  profiles  show  significant  increase  in  the  lower  atmosphere  after  one  hour.  The  relative 
humidity  has  also  increased  in  one  hou,  and  deep  layer  of  atmosphere  has  become  satureted  by 
01  GMT.  From  the  figures,  it  can  be  seen  that  a  very  small  portion  of  total  water  is  converted  into 
cloud  water. 


Figure  4  .  Precipitation  rate  (mm/hr)  distribution  over  Boznia,  at  01  GMT,  December  20, 1995. 
Maximum  rate  is  1.4  mm/hr,  and  mimimum  rate  is  .  1  mm/hr. 


Figure  4  shows  the  distribution  of  precipitation  rate  (mm/hour)  at  01  GMT  on  December  20.  The 
precipitation  rate  was  calculated  by  the  equation  27.  The  figure  shows  the  precipitation  rate 
varied  from  0.1  to  1.4  mm/hour  over  the  area.  There  was  no  precipitation  over  the  model  domain 
at  00  GMT. 
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It  should  be  emphasized  that  fog/cloud  and  precipitation  schemes  in  the  model  have  yet  to  be 
throughly  evaluated,  and  the  results  shown  shold  be  regarded  as  preliminary.  Further  study  will 
be  required. 


V.  Concluding  Remarks 

The  forecasting  period  of  the  BFM  has  been  extended  to  24  hours,  and  recently  the  forecast 
schemes  for  fog/cloud  as  well  as  non  convective  precipitation  has  been  added.  Other  IMETS 
Block  n  software  such  as  the  Atmospheric  Sounding  Program  (ASP)  and  the  Integrated  Weather 
Effects  Decision  Aids  (IWEDA)  utilize  the  BFM  output  file  to  calculate  the  values  of  their 
parameters.  ASP  generates  products  such  as  probability  of  thunderstorm  occurrence,  icing, 
visibility,  turbulence,etc. 

The  BFM  is  numerically  stable,  and,  as  long  as  reasonable  input  data  are  used,  the  BFM  produces 
numerically  reasonable  output.  Currently,  on  the  IMETS  BLOCK  n  computer  (SUN  SPARC  20, 
75  Mega  Hertz,  256  Mega  Bytes  RAM  single  processor),  the  BFM  requires  about  two  hours  of 
computing  time  for  the  24  hour  forecast  duration,  using  the  model  configuration  of  51x51x16 
grid  points  and  10  km  grid  spacing. 

The  evaluation  of  the  BFM  forecasting  capability  is  currently  ongoing,  and  the  results  will  be 
published  in  the  near  future.  Forecasting  capabilities  of  wind,  temperature  and  relative  humidity, 
as  well  as  cloud  coverage  and  precipitation  amount  distribution  will  be  evaluated  by  comparing 
the  model  output  and  observed  data. 

The  presently-known  limitation  of  the  BFM  are  the  following: 

i)  Hydrostatic  and  Boussinesq  approximations.  Extremely  large  changes  in  the  large-scale 
temperature  field  advected  into  the  BFM  grid  (via  time-dependent  boundary  values  resulting 
from  the  GSM)  over  24  hours  could  possibly  reduce  the  validity  of  the  Boussinesq 
approximation,  based  on  the  BFM  definition  of  basic  state  for  0^ 

ii)  No  cloud  microphysics. 

iii)  No  convective  cloud  parameterization,  thus  no  ability  to  handle  features  generated  by 
convective  systems,  such  as  meso-fronts  (i.e.,  gust  fronts),meso  high/low,  unless  they  are 
resolved  by  the  initial  fields. 

iv)  Rather  crude  specification  of  surface  parameters,  such  as  albedo,  emissivity,  soil  moisture, 
snow,  etc. 

v)  Somewhat  time-consuming  to  mn  at  resolutions  less  than  5  km. 

vi)  The  present  BFM  uses  only  16  computational  layers  and  extends  up  to  7,000  m  above  the 
highest  grid  point  of  model  domain,  in  order  to  save  computational  time. 

The  BFM  forecasting  capability  will  be  improved  when  the  output  of  the  regional  scale 
forecasting  models  such  as  the  US  Air  Force's  Relocatable  Window  Model  (RWM)  or  the  US 
Navy  Operational  Regional  Atmospheric  Prediction  System  (NORAPS)  are  used  instead  of  the 
GSM.  The  GSM  output  is  at  present  available  every  381  km.  We  will  start  studying  the 
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utilization  of  finer  grid  model  output  to  initialize  the  BFM. 
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ABSTRACT 

Previously  a  portable  mesoscale  analysis  and  forecast  system  was  introduced.  The 
system  was  designed  to  run  on  a  workstation  and  provide  high  resolution  short-range 
3-12  hour  forecasts.  In  order  to  meet  DoD  wartime  tactical  needs  it  is  important  that 
this  system  make  optimal  use  of  remotely  sensed  data.  Enhancements  have  been  made 
to  the  original  system  to  use  satellite  data  in  the  assimilation  of  thermodynamic  profiles 
and  in  an  aid  in  the  diabatic  initialization  of  the  model.  Assimilation  of  satellite  retrieved 
thermodynamic  profiles  is  accomplished  using  the  coupled  approach  in  which  the 
forecast  model  provides  the  first  guess  for  the  retrievals.  The  retrieved  profiles  are  then 
analyzed  using  the  portable  analysis  and  forecast  system's  successive  corrections 
objective  analysis  scheme.  This  objective  analysis  is  modified  to  take  into  account  the 
spatial  correlation  of  the  satellite  observation  error.  Results  from  a  case  study  show  the 
assimilation  of  the  retrievals  improves  the  analyses  but  has  mixed  results  with  the 
forecasts.  The  diabatic  initialization  adds  diabatic  forcing  from  stratiform  precipitation 
to  a  vertical  normal-mode  initialization.  The  technique  uses  satellite  estimated 
precipitation  amounts  and  cloud-top  heights  with  analyzed  thermodynamic  and 
kinematic  fields  to  vertically  distribute  diabatic  heating  that  arises  from  stratiform 
precipitation.  Simulation  experiments  reveal  the  importance  of  incorporating  this 
heating  into  the  initialization.  An  adiabatic  initialization  recovered  about  65-75%  of  the 
maximum  upward  vertical  motion  whereas  a  diabatic  initialization  with  respect  to 
stratiform  precipitation  recovered  nearly  all  the  original  vertical  motions.  In  real  data 
cases,  short-term  forecasts  from  a  diabatically  initialized  model,  with  respect  to 
stratiform  precipitation,  demonstrate  improvement  over  forecasts  from  an  adiabatically 
initialized  model. 


1.  INTRODUCTION 

Sashegyi  et  al.  (1994)  presented  a  portable  analysis  and  forecast  system  capable  of  running 
on  a  workstation  that  provides  high  resolution  short-range  3-12  hour  forecasts.  Its  components 
include  the  Bratseth  (1986)  objective  analysis  scheme  as  implemented  by  Sashegyi  et  al.  (1993)  for 
radiosonde  data  and  Ruggiero  et  al.  (1996a)  for  surface  observations.  The  Bratseth  scheme  is 
iterative,  computationally  efficient,  and  will  converge  to  an  optimal  interpolation  solution.  The 
model  initialization  uses  the  vertical  normal-mode  initialization  approach  as  described  by  Sashegyi 
and  Madala  (1993).  The  initialization  also  contains  the  capability  to  include  the  diabatic  effects  of 
convective  precipitation  (Harms  et  al.  1993).  The  forecast  model  is  the  same  as  used  in  the  Navy 
Operational  Regional  Analysis  and  Prediction  System  (NORAPS)  and  has  been  described  by 
Madala  et  al.  (1987),  Hodur  (1987),  Liou  et  al.  (1990)  and  Liou  et  al.  (1994).  The  NORAPS 
forecast  model  is  a  hydrostatic  model  capable  of  nesting.  Using  a  simplified  version  of  the  model 
with  two  nests  and  running  on  a  RISC-  type  workstation  with  a  floating  point  performance  of  30 
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Mflops,  Sashegyi  et  al.  (1994)  was  able  to  produce  a  12-h  forecast  in  approximately  30  mins.  The 
portable  analysis  and  forecast  system  was  designed  to  use  an  intermittent  assimilation  strategy 
since  it  is  computationally  less  expensive  than  a  3  or  4-dimensional  variational  approach.  In 
addition,  since  it  forces  all  the  assimilated  data  to  go  through  the  initialization  phase,  intermittent 
assimilation  limits  the  creation  of  physical  imbalances  that  are  possible  in  nudging  (Walko  et  al. 
1989). 


In  order  to  be  of  use  to  DoD  in  wartime,  the  portable  analysis  and  forecast  system  must  be 
able  to  work  with  the  data  denial  that  occurs  in  tactical  situations.  Given  tactical  and 
communication  constraints  the  use  of  radiosonde  and  in-situ  surface  observations  will  be  limited. 
Reliance  will  be  on  data  from  passive  remote  sensors  that  can  be  down  linked  to  the  forward  sites. 
The  focus  here  is  to  describe  the  enhancements  to  the  portable  analysis  and  forecast  system  that 
make  use  of  certain  satellite  borne  sensors  that  meet  this  requirement.  In  particular,  this  includes 
the  assimilation  of  satellite  sounder  thermodynamic  retrievals  and  the  inclusion  of  a  diabatic 
initialization  with  respect  to  stratiform  precipitation. 

2.  ASSIMILATION  OF  SATELLITE  SOUNDER  RETRIEVALS 

Traditionally,  the  standard  way  of  retrieving  thermodynamic  profiles  from  satellite 
sounders  are  iterative  methods  that  rely  on  an  intelligent  choice  of  a  first  guess  profile.  The 
selection  of  the  first  guess  is  important  since  the  inverse  solution  of  determining  atmospheric 
thermodynamic  profiles  from  satellite  measured  radiances  is  non-unique.  Recently,  much  work 
has  been  put  into  using  three-dimensional  variational  analyses  to  directly  assimilate  the  satellite 
radiances.  Indeed  this  method  has  shown  great  promise  (Andersson  et  al.  1994),  however  it  is 
computationally  expensive  to  employ  and  thus  not  considered  here.  Here  the  assimilation  of  the 
satellite  sounder  retrievals  is  carried  out  using  the  coupled  approach  as  described  by  Lipton  and 
Vender  Haar  (1990).  A  schematic  outlining  how  the  coupled  approach  works  is  given  in  Figure  1. 
The  process  starts  with  the  output  of  a  short-term  forecast  interpolated  to  the  retrieval  locations 
(unless  radiosonde  data  is  available  in  which  case  one  could  use  the  output  from  the  radiosonde 
analysis).  The  retrievals  are  then  calculated  and  the  deviations  of  the  retrievals  from  the  first  guess 
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Figure  1.  Schematic  showing  the  flow  of  the  model-satellite  sounder  coupled  approach. 
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profiles  are  interpolated  back  to  the  model  grid  using  the  Bratseth  objective  analysis.  The  same 
forecast  that  provides  the  first  guess  for  the  retrievals  is  used  as  the  background  field  for  the 
objective  analysis.  One  important  change  to  the  analysis  scheme  is  the  inclusion  of  a  spatially 
correlated  portion  of  the  observation  error.  Previously  the  observation  error  was  assumed  to  be  to 
be  totally  random.  When  the  fields  on  the  model  grids  are  updated  an  initialization  can  then  be  run 
and  the  model  integrated  forward.  This  cycle  can  be  repeated  as  often  as  necessary  and  data  is 
available. 

To  examine  the  utility  of  the  coupled  analyses  method  for  assimilating  atmospheric 
temperature  and  moisture  in  the  portable  analysis  and  forecast  system,  two  experiments  were 
conducted  using  data  from  the  second  1986  Genesis  of  Atlantic  Lows  Experiment  (GALE) 
Intensive  Observation  Period  (lOP).  Both  experiments  started  off  with  a  radiosonde  and  surface 
data  analysis  at  1200  UTC  24  January  1986.  A  control  experiment  was  run  by  integrating  the 
model  forward  24  hours  from  this  point.  An  assimilation  experiment  run  was  done  by  assimilating 
retrievals  at  1200,  1500,  1800,  2100  UTC  24  January  1986,  and  0000  UTC  25  January  1986 
using  the  coupled  procedure  as  described  above.  Comparison  of  the  temperature  results  from  the 
two  runs  at  1800  UTC  24  January  1986  can  be  seen  in  Figure  2  which  depicts  the  root-mean- 
square  (rms)  errors  of  temperatures  from  an  analysis  constructed  with  radiosonde  data.  The 
computations  of  the  rms  errors  are  limited  to  those  locations  where  the  retrievals  and  radiosonde 
observations  are  nearly  collocated.  It  can  be  seen  that  the  analysis  resulting  from  the  retrievals 
improved  upon  the  background  field  even  though  the  actual  retrieval  errors  were  high.  The  amount 
of  improvement  of  the  analysis  over  the  background  field  was  small.  This  was  due  to  the  high 
observation  error  that  was  ascribed  to  the  retrievals  (3.6  K  of  which  1  K  was  assumed  to  be 
horizontally  spatially  correlated  and  the  rest  random).  In  addition,  one  should  note  that  the  coupled 
analysis  w^  improved  over  the  control  run.  A  similar  pattern  can  be  seen  with  relative  humidity  at 
the  same  time  in  Figure  3.  In  this  case  the  amount  of  improvement  over  the  first  guess  was  more 
significant  than  it  was  for  temperature.  Again  the  observation  error  for  the  humidity  retrievals  was 
substantial  (15%  horizontally  spatially  correlated  and  25%  random). 

Given  the  relatively  modest  improvement  of  the  coupled  run  analyses  over  the  control  run, 
it  is  not  surprising  that  the  forecasts  generated  from  the  coupled  run  do  not  show  a  great 
improvement  over  the  control  run  forecast.  Rms  errors  of  temperature  and  relative  humidity  were 
computed  for  each  forecast  run  relative  to  a  radiosonde  analysis  at  the  radiosonde  observation 
locations  at  0600  UTC  24  January  1986.  The  control  run  forecast  was  an  18-h  forecast  initialized 
from  radiosonde  and  surface  data  analyses  at  1200  UTC  24  January  1986.  The  coupled  mn  was 
also  18-h  forecast  that  used  the  same  initial  data  as  did  the  control  run  and  that  assimilated 
geostationary  sounder  data  at  3  h  intervals  from  1200  to  2100  UTC  24  January  1986.  The  rms 
errors  were  similar  for  the  control  and  coupled  runs.  For  temperature,  the  values  were  1.996  and 
2.150  K  for  the  coupled  and  control  runs  respectively.  For  relative  humidity,  the  respective  values 
were  9.346  and  8.618%. 

3.  DIABATIC  INITIALIZATION  WITH  RESPECT  TO  STRATIFORM 
PRECIPITATION 

When  using  frequent  intermittent  assimilation  one  has  to  take  care  not  to  continually  lose 
the  model  generated  convergence  fields  during  each  analysis  and  initialization  step.  One  way  to 
mitigate  this  problem  is  through  inclusion  of  latent  heating  in  the  balance  to  be  achieved  at 
initialization.  The  latent  heating  is  offset  by  adiabatic  cooling  from  upward  vertical  motion.  As 
rnentioned  in  Sashegyi  et  al.  (1994)  the  portable  analysis  and  forecast  system  already  includes  a 
diabatic  initialization  with  respect  to  convective  precipitation.  A  companion  scheme  developed  by 
Ruggiero  at  al.  (1996b)  performs  diabatic  initialization  with  respect  to  stratiform  precipitation.  The 
two  schemes  work  together  in  that  for  every  grid  point  at  which  precipitation  has  been  observed 
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Figure  3.  Rms  errors  of  relative  humidity  of  the  control  and  coupled  mns  from  a  radiosonde 
analysis  at  locations  that  have  nearly  coincident  radiosonde  soundings  and  retrievals  at  1 800  UTC 
24  January  1986. 
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during  the  past  three  hours,  a  check  of  conditional  stability  is  carried  out.  If  the  column  is 
conditionally  unstable  than  the  convective  diabatic  initialization  of  Harms  et  al.  (1993)  is  used, 
otherwise  the  stratiform  scheme  is  used.  A  detailed  description  of  the  diabatic  initialization 
procedure  for  stratiform  precipitation  is  given  in  Ruggiero  et  al.  (1996b)  and  is  briefly  summarized 
here.  The  technique  starts  off  by  using  the  output  of  three  iterations  of  the  adiabatic  vertical  normal 
mode  initialization.  This  is  done  to  generate  an  initial  vertical  velocity  field.  The  underlying 
assumption  in  the  Ruggiero  et  al.  (1996b)  approach  is  that  the  adiabatic  initialization  will  produce 
the  right  orientation  of  the  vertical  motion  fields  although  the  magnitudes  are  insufficient.  The 

cloud  top  height  for  each  column  is  estimated  by  matching  the  infrared  (1 1.24  pm)  brightness 
temperature  with  that  from  the  initial  field.  The  two  model  layers  below  the  estimated  cloud  top 
height  are  saturated  if  not  already  so.  A  one-dimensional  water  vapor  convergence  calculation  is 
carried  out  using  the  kinematic  fields  from  the  adiabatic  initialization.  Water  vapor  in  excess  of 
saturation  is  condensed  out  and  precipitated  down.  The  total  amount  of  precipitation  generated  in 
this  manner  is  added  up  and  compared  to  the  observed  precipitation  rate.  When  the  generated 
precipitation  matches  up  with  the  observed,  the  latent  heat  generated  at  each  level  is  calculated  and 
is  added  to  the  physical  forcings  in  the  vertical  normal-mode  initialization.  In  addition,  the 
moisture  fields  are  adjusted  by  boosting  to  90%  the  RH  at  those  model  levels  that  are  deemed  to  be 
producing  precipitation.  If  the  RH  at  those  levels  already  exceed  90%  they  are  left  alone. 

In  order  to  reveal  the  importance  of  including  the  stratiform  precipitation  diabatic  effects  in 
the  initialization,  a  simulation  experiment  was  run.  Using  radiosonde  and  surface  data  from  GALE 
lOP  2  at  1200  UTC  25  January  1986,  the  model  was  integrated  forward  12  hours  to  0000  UTC  26 
January  1986.  The  output  from  the  model  at  OOOO  UTC  26  January  1986  was  considered  "truth". 
At  that  point  two  initializations  were  run  using  the  model  output.  The  first  was  an  adiabatic 
initialization.  The  second  was  diabatic  with  respect  to  stratiform  precipitation.  The  input 
precipitation  used  for  the  diabatic  initialization  was  the  three  hour  accumulated  stratiform 
precipitation  valid  at  0000  UTC  26  January  1986  from  the  model  integration.  The  cloud  top 
heights  were  determined  by  using  the  highest  model  level  at  which  supersaturation  occurs.  Thus 
the  simulations  were  essentially  using  perfect  input  data.  Figure  4  shows  the  700  mb  vertical 
velocity  fields  valid  at  0000  26  January  1986  for  the  model  forecast,  adiabatic  initialization,  and 
diabatic  initialization.  Comparing  the  vertical  motion  between  the  model  forecast  and  the  adiabatic 
initialization  one  can  see  that  the  process  of  going  through  the  adiabatic  initialization  results  in  the 
loss  of  approximately  25-35%  of  the  original  maximum  vertical  motion  in  the  areas  of  upper 
Chesapeake  Bay  and  Southern  Alabama.  However  when  including  the  diabatic  effects  of 
stratiform  precipitation  nearly  all  the  original  maximum  vertical  motion  is  retained  in  the  two  areas. 

To  judge  the  ability  of  the  diabatic  initialization  with  respect  to  stratiform  precipitation  using 
real  data,  a  second  set  of  experiments  was  run.  In  these  experiments  analyses  of  radiosonde  and 
surface  data  were  done  and  the  resulting  fields  were  used  as  input  for  an  adiabatic  and  diabatic 
initialization.  For  the  diabatic  initialization  a  3  hour  accumulated  precipitation  analyses  derived 
from  a  combination  of  geostationary  satellites  and  rain  gauges  was  used  as  the  input  precipitation 
field.  In  evaluating  the  diabatic  initialization  it  is  important  to  look  at  precipitation  forecasts  since 
the  main  reason  to  retain  the  divergence  fields  via  diabatic  initialization  is  to  improve  precipitation 
forecasts.  Figure  5  contains  the  threat  scores  for  the  0.25  cm  3  hour  accumulated  precipitation 
contour  levels  for  the  forecasts  generated  from  the  adiabatic  and  diabatic  initializations  at  0000 
UTC  26  January  1986.  In  general,  the  threat  scores  are  low  but  that  just  points  up  the  current 
difficulty  that  exists  in  forecasting  precipitation  with  a  numerical  prediction  model.  At  each  of  the 
three  hour  intervals  the  diabatic  initialized  forecast  produces  better  results.  It  should  be  noted  that 
the  diabatic  run  shows  the  most  improvement  over  the  adiabatic  run  at  earlier  times.  In  the  second 
6-h  period  the  adiabatic  run  becomes  closer  to  the  diabatic  run  as  the  model  circulation's  spin  up. 
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Figure  4.  Vertical  velocity  (|ab  s"l ;  contoured  every  10  |xb  ;  negative  contours  are  dashed)  at 
700  mb  valid  at  0000  UTC  26  January  1986  for  (a)  model  output  from  "tmth".  (b)  adiabatic 
initialization  and  (c)  diabatic  initialization. 


Figure  5.  Threat  scores  at  the  0.25-cm  contour  level  for  the  real  data  forecasts  initialized  at  0000 
UTC  26  January  1986. 


4.  CONCLUDING  REMARKS 

Two  major  changes  have  been  made  to  the  portable  analysis  and  forecast  system  described 
by  Sashegyi  et  al.  (1994).  One  is  the  modification  of  the  analysis  to  assimilate  satellite  retrieved 
thermodynamic  profiles  using  the  coupled  approach.  The  results  of  tests  showed  that  the 
assimilation  of  the  geostationary  satellite  sounder  data  will  improve  the  temperature  and  moisture 
fields  during  the  assimilation  period.  However  these  improvements  were  relatively  modest  and  did 
not  si^ificantly  improve  the  model  forecasts.  The  main  reason  for  the  limited  success  of  the 
assimilation  of  the  retrievals  was  that  the  ratio  of  the  observation  errors  to  background  field  errors 
did  not  allow  the  retrievals  to  strongly  impact  the  analysis.  Both  sets  of  errors  were  derived  from 
other  sources  and  perhaps  are  not  well  suited  to  be  used  with  either  the  VAS  sounder  or  the 
NORAPS  model.  In  hindsight  it  appears  that  the  observation  errors  used  for  the  retrievals  were 
generally  too  high.  This  can  be  corrected  by  gathering  error  statistics  for  the  coupled  procedure 
retrievals  over  a  large  number  of  cases.  In  addition,  with  the  new  sounder  onboard  the  new 
generation  of  GOES  (Menzel  and  Purdom,  1994),  the  retrievals  may  be  even  more  accurate  than 
seen  here. 

The  second  change  to  the  portable  analysis  and  forecast  system  is  the  inclusion  of  the 
diabatic  effects  of  stratiform  precipitation  in  the  model  initialization.  Simulation  and  real  data 
experiments  reye^  the  importance  of  including  this  in  the  initialization.  The  results  are  improved 
short-term  precipitation  forecasts.  Improvements  to  this  approach  can  be  to  use  radar  reflectivity 
data  (if  available)  to  produce  an  enhanced  precipitation  analysis.  If  three-dimensional  radar 
reflectivity  data  is  available  than  a  more  direct  method  of  determining  the  vertical  latent  heat 
distribution  is  possible.  In  addition  if  the  time  evolution  of  the  precipitation  rates  are  available  then 
perhaps  this  derivative  information  can  be  used  to  include  a  time  dependent  diabatic  forcing  to  the 
model. 
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In  addition  to  the  above  mentioned  improvements  to  the  portable  analysis  and  forecast 
system,  work  is  underway  in  other  areas.  Since  the  next  generation  of  mesoscale  models  will  have 
the  ability  to  explicitly  produce  clouds  via  prognostic  variables  of  cloud  liquid  and  ice  water,  work 
is  ongoing  to  come  up  with  initial  fields  for  these  variables  in  order  to  have  accurate  short-term 
forecasts  of  clouds  and  precipitation  fields.  Again  the  emphasis  in  this  work  will  focus  on 
determining  the  required  fields  using  satellite  data. 
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RESULTS  AND  IMPUCATIONS  OF  NEURAL  NETWORK  RETRIEVALS 


OF  SATELLITE  TEMPERATURE  SOUNDINGS 

Donald  Bustamante^  James  Cogan^, 

William  Gutman*,  Edward  Measure^,  and  Gail  Vaucher^ 

ABSTRACT 

Back  propagation  neural  networks  were  used  to  retrieve  atmospheric  temperature  profiles  from 
meteorological  satellite  sounder  radiances.  The  networks  were  trained  in  TIROS  Operational 
Vertical  Sounder  (TOVS)  data  collected  during  1992  and  1993  over  the  United  States  and 
Canada.  The  truth  sets  for  training  and  testing  the  neural  networks  consisted  of  data  from  the 
University  of  Wisconsin’s  TOVS  Export  Package  and  near-to-coincident  rawinsonde  data.  The 
retrievals  had  a  root-mean-square  (RMS)  error  over  mandatory  levels  (1000  to  10  hPa)  of  <  3.5 
K  for  the  complete  set  of  data.  For  a  subset  consisting  of  data  from  the  Southeastern  United 
States,  the  error  dropped  to  <  2.5  K  over  most  levels  (i.e.  not  near  the  surface  and  tropopause). 

These  studies  demonstrate  that  neural  networks  can  provide  reasonable  results  using  only  the 
TOVS  infrared  (HIRS/2)  sounding  channels.  Inclusion  of  the  MSU  radiances  led  to  a  small 
improvement.  A  sensitivity  analysis  identified  ten  HIRS/2  channels  as  the  most  significant  input.  A 
“reduced”  net  using  only  those  ten  channels  produced  results  that  suggest  a  “degradation”  of  only 
0.2  or  0.3  K  relative  to  the  fiill  net.  The  potential  significance  of  these  results  is  discussed. 

Recently,  the  neural  network  methodology  has  been  applied  to  infrared  sounder  data  obtained 
with  GOES  I-M  sounders  carried  aboard  current  generation  Geostationary  Operational 
Environmental  Satellites  (GOES).  Comparable  or  better  levels  of  accuracy  have  been  obtained 
with  GOES  retrievals.  These  results  are  also  discussed. 

1.  RETRIEVAL  APPROACHES 

Following  Houghton  (1985),  for  a  cloudless  atmosphere,  the  radiance  of  the  earth’s  atmosphere 
as  measured  by  a  satellite-borne  radiometer  may  be  expressed  as 

Kv)=  B(pX)riu,p,)-  I  <*(/.) 

:^0)  dxiP) 

where I(v)  is  the  radiance  at  wavenumber  v,  B(v,T)  is  the  Planck  radiance  at  wavenumber  u  and 
surface  temperature  7^;  ris  the  atmospheric  fractional  transmittance  from  a  given  pressure  level  to 
the  top  of  the  atmosphere;  x(p)  is  a  function  of  pressure,  usually  In  p.  The  first  term  represents  the 
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spectral  radiance  emitted  by  the  surface  and  attenuated  by  the  atmosphere;  the  second  term 
represents  the  radiance  emitted  by  the  atmosphere. 

Correcting  for  surface  contributions,  the  equation  becomes 


/„(u) = s^^(t,)t{0,p;)+]b{T)WM^ 
WM-- 


1-0 -gj 


^n  p 


where  s  is  the  emissivity,  and  Wis  the  Planck  weighting  function.  The  term 

^,X0,P) 

dlnp 

is  referred  to  as  the  sensor  weighting  function.  These  weighting  functions  are  specific  for  each 
channel  of  a  sounding  instrument  such  as  the  TOVS  or  GOES  Sounder,  and  vary  with  p.  In  the 
infi-ared  region  covered  by  most  sounder  channels  instrumentation,  s  is  approximately  unity. 
Although  the  forward  equation  is  easily  solved,  the  inverse  is  ill-posed;  small  changes  in  I  result  in 
large  errors  in  T.  There  is  no  unique  solution,  since  the  contribution  to  the  radiances  observed  by 
the  satellite  arise  from  deep  within  the  atmosphere  and  the  sensor  channels  are  not  spatially 
independent  (Houghton,  1985). 

1.1  Conventional  Retrieval  Approaches 

Conventional  approaches  utilize  additional  data  to  regularize  the  problem  and  obtain  a  solution. 
These  additional  data  include  in-situ  rawinsonde  observations  and  statistics  of  atmospheric 
structure,  pattern  recognition  (to  match  a  rawinsonde  profile  with  an  initial  guess  profile),  and  the 
use  of  Numerical  Weather  Prediction  (NWP)  model  output  to  condition  the  retrieval. 
Mathematically,  these  approaches  involve  the  use  of  linear  and  non-linear  techniques.  Linear 
techniques  such  as  linearization,  basis  functions,  least  squares  regression,  statistical  regularization, 
and  minimal  information  approaches  have  been  used.  Non-linear  approaches  typically  involve  an 
iterative  form  of  solution.  Detailed  reviews  can  be  found  in  Rodgers  (1976)  and  Deepak,  et  al 
(1988).  The  conventional  algorithm  used  in  this  study  was  the  TOVS  Export  Package  (TEP) 
developed  by  the  University  of  Wisconsin  (Smith,  et  al.,  1983). 

1.2  Neural  Network  Retrieval  Approaches 

The  application  of  neural  networks  to  the  retrieval  of  atmospheric  temperature  profiles  has  been 
studied  by  several  researchers,  who  have  used  a  variety  of  data  and  data  sources  in  their  studies. 
Bustamante  et  al.  (1996a)  provide  a  brief  description  of  some  of  this  work.  The  effort  reported 
here  is  based  on  work  that  has  been  reported  previously  by  Bustamante  et  al.  (1992,  1993,  1994a, 
1996a,  1996b). 
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2.  TIROS  AND  TOYS 


The  TIROS  satellites  are  near-polar  orbiting  satellites  operated  by  the  National  Environmental 
Satellite  Service  of  the  National  Oceanic  and  Atmospheric  Administration  (NOAA).  These 
satellites  provide  data  used  for  meteorological  prediction  and  warning,  oceanographic  and 
hydrologic  data  and  space  environment  sensing  (Schwalb,  1982).  The  satellites  are  equipped  with 
environmental  sensors  that  include  the  TIROS  Operational  Vertical  Sounder  (TOYS). 

The  TOYS  instrumentation  consists  of  the  High  Resolution  Infrared  Radiation  Sensor  (HIRS/2), 
the  Stratospheric  Sounding  Unit  (SSU),  and  the  Microwave  Sounding  Unit  (MSU).  The  HIRS/2 
is  a  20  channel  sensor,  primarily  infrared,  which  is  used  for  obtaining  vertical  temperature  profiles, 
atmospheric  water  content,  and  ozone  measurements.  The  SSU  is  a  3  channel  sensor  which 
measures  the  radiation  emitted  by  carbon  dioxide  in  the  stratosphere.  The  MSU  is  a  4  channel 
Dicke  radiometer  which  measures  the  5.5  mm  oxygen  band.  Detailed  specifications  on  scan  spot 
size,  swath  width,  and  other  sounding  parameters  may  be  found  in  Schwalb  (1982)  and  Barnes 
and  Smallwood  (1982). 

2.1.1  Data 

Data  were  collected  by  the  U.  S.  Army  Research  Laboratory’s  Information  Science  &  Technology 
Directorate  (ARL/IS&TD)  using  SeaSpace  TerraScan  hardware  and  software.  Data  from  the 
satellite  passfiles  were  processed  to  yield  radiance  values  for  the  TOYS  sensor  channels. 
Additional  information  such  as  site  elevation,  latitude,  longitude,  satellite  zenith  angle,  solar  zenith 
angle,  and  solar  phase  angle  were  computed  and  appended  to  the  datasets. 

At  the  ARL/IS&TD  site  only  the  HIRS/2  radiances  were  collected.  The  present  study  had  access 
to  19  of  20  HIRS/2  data  channels.  Data  were  available  for  time  periods  in  1992  and  1993.  TOYS 
HIRS/2  data  for  the  United  States  and  Canada  were  collected  by  the  ARL/IS&TD  TerraScan 
system.  Additional  TOYS  radiance  data,  which  included  MSU  and  SSU,  were  obtained  from 
Louisiana  State  University’s  Coastal  Studies  Institute  (Southeastern  United  States).  The 
SeaSpace  system  uses  the  TEP  to  retrieve  atmospheric  profiles  of  temperature  and  moisture. 

National  Weather  Service  (NWS)  rawinsonde  observational  (RAOB)  data  for  North  America 
were  provided  by  the  ARL/IS&TD  Upper  Air  Database  and  NOAA’s  National  Climatic  Data 
Center  (NCDC).  The  data  were  selected  to  cover  the  time  period  July  1992-August  1993.  These 
data  were  also  used  as  truth  in  the  training  of  the  networks.  For  ease  in  handling,  these  data  were 
partitioned  into  geographical  sectors  covering  half  month  periods. 

RAOBS  are  typically  taken  at  0000  UTC  and  1200  UTC.  By  convention,  the  geographic 
coordinates  of  the  release  point  are  used,  and  a  vertical  rise  is  assumed.  Satellite  coverage  of  the 
geographic  region  of  interest  occurs  when  the  satellite  passes  over  that  region.  The  TIROS  orbital 
period  is  approximately  102  minutes,  resulting  in  14.1  orbits  per  day.  Since  the  TIROS  satellites 
are  near-polar  orbiters,  the  geographic  coverage  on  subsequent  passes  is  not  identical;  a  two 
satellite  configuration  can  pass  over  the  same  location  approximately  every  5  hours  (average 
value;  more  often  near  the  poles). 


475 


TOYS  radiance  data  were  spatio-temporally  matched  with  RAOBS.  The  matching  program 
permitted  user  specification  of  latitude,  longitude,  and  time  windows.  Spatio-temporal  criteria 
used  are  based  on  the  satellite  observation.  A  spatial  separation  of  ±0.5  degree  was  used  for 
latitude  and  longitude,  and  observations  taken  within  1.5  hours  before  and  2.0  hours  following  the 
satellite  observation  were  considered  to  be  matched. 


Feed-forward  backpropagation  networks  were  created  using  Neural  Ware’s  Neural  Works 
Professional  11  neural  network  development  environment  running  on  an  HP  9000/735 
workstation.  The  initial  network  utilized  HIRS/2  Channels  1  through  19,  latitude,  longitude, 
satellite  zenith  angle,  solar  zenith  angle,  scatter  phase  angle,  sun  reflection  angle,  and  elevation  as 
inputs.  Other  networks  were  tested  that  used  combinations  of  HIRS/2  and  MSU  channels  and 
differences  and  ratios  between  various  channels.  The  output  nodes  for  all  networks  consisted  of 
the  temperatures  at  the  meteorological  mandatory  levels  (1000,  850,  700,  500,  400,  300,  250, 
200,  150,  100,  70,  50,  30, 20,  and  10  mb)  and  at  the  surface. 


The  networks  were  instrumented  to  record  the  root-mean-square  (RMS)  error  of  the  network 
during  training  using  the  following  equation: 


RMS  = 


where  n  is  the  number  of  thermal  profiles  derived,  Oi  is  the  /-th  output  of  the  neural  network,  and 
Ti  is  the  /-th  “truth”  value.  The  networks  were  trained  until  the  RMS  error  was  minimized.  This 
typically  occurred  at  15,000  training  iterations.  The  final  RMS  error  at  the  completion  of  training 
was  0.02.  This  RMS  value  is  the  overall  value  for  all  output  nodes. 

Various  neural  network  retrievals  were  performed  with  the  data.  Both  rawinsondes  and 
conventionally  retrieved  profiles  (using  the  TBP)  were  used  as  truth.  The  training  and  testing  were 
performed  using  data  collected  between  September  1  and  October  15,  1992.  The  RMS  error  as  a 
function  of  mandatory  level  is  shown  if  Figure  1  for  a  case  using  rawinsonde  data  as  truth.  Typical 
RMS  error  values  are  3-4  K.  The  sensitivity  of  the  RMS  error  to  the  number  of  nodes  in  the 
single  hidden  layer  was  investigated  by  training  and  testing  networks  with  various  numbers  of 
nodes.  As  seen  in  Figure  2,  this  analysis  demonstrates  that  ten  nodes  is  the  optimum  number. 

An  important  aspect  of  the  investigation  was  a  sensitivity  analysis  to  determine  whether  any  of  the 
HIRS/2  channels  could  be  omitted  from  the  network.  In  fact,  a  network  utilizing  only  HIRS/2 
channels  1,  3,  4,  7,  12,  13,  14,  16,  17,  and  19  was  found  to  yield  results  comparable  to  those  from 
the  full  network.  The  RMS  error  of  the  reduced  network  is  somewhat  greater  at  the  surface.  It  is 
within  0.5  K  at  500  mb,  and  it  is  actually  smaller  than  that  of  the  full  network  at  the  tropopause. 
This  suggests  that  a  simpler,  less  expensive  sensor  suite  could  be  used  on  future  satellites  without 
significant  loss  of  temperature  retrieval  accuracy. 
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RMS  Temperature  Error  (K) 


Figure  1.  RMS  temperature  retrieval  error  as  a  function  of  atmospheric  level  for  a  neural  network 
trained  and  tested  with  TOYS  data  using  rawinsonde  data  as  truth. 


Figure  2.  TOYS  RMS  temperature  retrieval  error  as  a  function  of  number  of  nodes  in  the  hidden 
layer  of  the  neural  network.  Ten  nodes  is  the  optimum  number. 
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3.  GOES  AND  GOES  I-M  SOUNDERS 


The  most  recent  work  extends  the  neural  network  retrieval  methodology  to  atmospheric  sounder 
data  sets  obtained  from  geosynchronous  satellites.  Geosynchronous  satellites  provide  the  obvious 
benefit  that  most  of  the  earth  facing  the  satellite  is  continuously  within  view  of  the  sensors.  The 
Geostationary  Operational  Environmental  Satellites  (GOES)  provide  high  resolution  visible  and 
infrared  imagery  and  multiband  infrared  soundings.  Currently,  there  are  2  operational  GOES 
platforms,  GOES  8,  and  GOES  9.  These  satellites  are  also  called  GOES  East  and  Goes  West 
because  they  are  stationed  at  longitudes  75°  W  and  135°  W  respectively.  Both  are  from  the 
GOES  I-M  series  that  incorporates  significant  improvements  over  earlier  designs.  One  of  the 
instruments  carried  aboard  is  the  GOES  I-M  sounder.  This  is  a  multiband,  high  spatial  resolution 
radiometer.  The  GOES  I-M  sounder  is  similar  to  the  HIRS/2  instrument  of  the  TOYS  package. 
The  eighteen  infrared  channels  have  similar  center  frequencies  and  bandwidths,  and  similar 
applicability  to  retrieval  of  atmospheric  parameters. 

Ten  GOES  data  sets  were  obtained  through  the  National  Climatic  Data  Center.  These  data 
corresponded  in  time  to  the  0000  and  1200  UTC  rawinsonde  launches  over  a  five  day  period  from 
November  8-12,  1994.  Corresponding  rawinsonde  data  were  taken  from  Rawinsonde  Data  of 
North  America,  Volume  TV,  1990-1994  (Updated)  published  by  the  National  Climatic  Data 
Center.  The  actual  GOES  infrared  data  acquisition  times  were  1146  and  2346  UTC  each  day.  All 
rawinsonde  launch  times  were  within  0.8  hour  of  the  GOES  data  acquisition,  and  most  were 
within  0.6  hour.  GOES  infrared  sounder  data  were  extracted  from  the  distribution  data  files  using 
the  University  of  Wisconsin’s  MCIDAS  software  product.  Spatial  reference  information  for  the 
GOES  infrared  pbcels  was  used  to  assemble  neural  network  trdning  and  testing  files.  Raw  infrared 
radiance  values  were  used  rather  than  derived  brightness  temperatures.  Any  pkel  for  which  all 
eighteen  sounder  channels  were  valid  and  which  was  within  0.5  degree  in  both  latitude  and 
longitude  of  the  corresponding  rawinsonde  launch  point  was  used.  Because  of  the  curvature  of 
the  earth,  the  latitude  and  longitude  spacing  of  the  pixels  is  a  function  of  position,  so  the  number 
of  pixels  that  could  be  used  with  each  rawinsonde  varied. 

The  temperatures  at  the  850,  700,  500,  400,  300,  250,  200,  150,  and  100  mb  mandatory  levels  as 
well  as  the  surface  temperatures  were  used  to  train  and  test  the  neural  networks.  These  levels 
were  consistently  available  in  the  rawinsonde  database.  Nevertheless,  a  large  fraction  of  the  data 
could  not  be  used  because  of  missing  levels.  In  total,  over  14,000  training/testing  vectors  were 
assembled  from  the  rawinsonde  and  infrared  sounder  data.  These  vectors  were  randomly 
partitioned  into  two  approximately  equal  size  files.  One  file  was  used  for  training,  and  the  other 
was  used  for  testing. 

RMS  errors  associated  with  the  extraction  were  computed  by  comparing  rawinsonde 
temperatures  with  temperatures  retrieved  from  the  testing  set.  The  RMS  errors  are  plotted  as  a 
function  of  level  in  Figure  3.  Numerous  variations  of  neural  network  architecture  were  tested.  In 
all  cases,  a  single  hidden  node  was  used,  but  the  number  of  nodes  in  the  hidden  layer  was  varied 
from  5  to  25.  Consistent  with  the  findings  from  the  TOYS  retrieval  (Bustamante,  et  al,  1996b), 
the  RMS  errors  were  minimized  with  10  hidden  nodes,  although  as  seen  in  Figure  4,  the  GOES 
Sounder  retrievals  exhibited  much  less  sensitivity  to  this  parameter  than  did  the  TOYS  retrieval. 
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Figure  3.  RMS  temperature  retrieval  error  as  a  function  of  atmospheric  level  for  a  neural  network 
trained  and  tested  with  GOES  Sounder  data  using  rawinsonde  data  as  truth. 


Figure  4.  GOES  Sounder  RMS  temperature  retrieval  error  as  a  function  of  number  of  nodes  in  the 
hidden  layer  of  the  neural  network.  Ten  nodes  is  the  optimum  number. 
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Other  network  details  were  also  varied.  The  RMS  errors  were  relatively  insensitive  to  details  such 
as  the  learning  rule  and  transfer  function.  The  RMS  error  was  <  4  K  at  the  surface  and  <  3  K  at 
850  mb.  Between  700  and  100  mb,  the  errors  ranged  from  <  2  K  to  approximately  2.5  K  near  the 
tropopause.  These  results  are  somewhat  better  than  those  obtained  from  the  TOYS  data.  In  part, 
this  may  be  because  the  temporal  matching  with  the  rawinsonde  data  was  significantly  better.  It  is 
noteworthy  that  the  results  from  both  TOYS  and  GOES  data  were  obtained  without  the  use  of  a 
technique  for  removal  of  cloud  “contamination.”  In  fact,  the  addition  of  input  to  the  net  in  the 
form  of  the  radiance  ratios  and  differences  used  in  standard  “cloud  removal”  techniques  did  not 
noticeably  improve  the  results  (Bustamante,  et  al.^  1996a,  1996b).  Nevertheless,  inclusion  of  an 
effective  means  to  significantly  reduce  the  effect  of  clouds  in  the  field  of  view,  either  by  pre¬ 
processing  or  within  the  net  input,  should  lead  to  better  accuracies. 

4.  FUTURE  DIRECTIONS 

Our  efforts  to  date  have  shown  the  potential  utility  of  neural  net  methods  for  retrieval  of 
temperature  soundings  from  meteorological  satellite  radiances.  Further  work  on  refiuning  the 
method  for  GOES  data  should  lead  to  further  improvement  to  the  already  promising  results,  and 
to  a  more  generalized  neural  network  or  set  of  networks  where  a  net  is  derived  for  each  climate 
region  (Bustamante,  et  al,  1996a).  Extension  of  the  work  using  polar  orbiter  data  to  the 
microwave  sounder  (Special  Sensor  Microwave/Temperature,  SSM/T)  on  the  Defense 
Meteorological  Satellite  Program  (DMSP)  satellite  has  the  potential  to  improve  accuracy  through 
the  ability  to  more  easily  remove  cloud  “contaminated”  radiance  profiles.  Work  by  Butler  et  al. 
(1996)  indicated  the  high  accuracy  possible  with  SSM/T  data.  Also,  we  plan  to  develop  neural 
networks  for  retrieval  of  dewpoint  profiles. 

In  spite  of  the  progress  made  herein  and  elsewhere  on  retrieval  of  temperature  and  humidity 
profiles  from  satellite  data,  extraction  of  reasonably  accurate  wind  velocity  soundings  remains  out 
of  reach.  For  most  applications  average  wind  speed  accuracies  of  around  8  to  10  ms'^  from 
current  techniques  (Cogan,  et  al.,  1997)  are  not  adequate.  Wind  direction  errors  may  reach  90  ® 
(Jedlovec,  1985)  as  a  result  of  errors  in  gradient  of  geopotential  height.  Current  methods  derive 
winds  from  geopotential  height  gradients  using,  for  example,  the  geostrophic  or  gradient  wind 
assumption,  which  in  turn  are  estimated  from  temperature  soundings  and  surface  information 
(e.g.,  surface  pressure).  Cloud  tracking  is  too  uncertain  and  large  scale  for  many  applications. 
However,  a  neural  network  approach  may  allow  one  to  go  directly  from  radiance  gradients  to 
wind  velocity  or  wind  velocity  components.  We  plan  to  test  the  feasibility  of  such  an  approach 
using  the  data  on  hand.  If  the  method  shows  sufficient  potential,  we  will  concentrate  our  efforts 
on  devising  an  appropriate  neural  network  or  set  of  networks  for  extracting  wind  “directly”  from 
satellite  sounder  radiances. 

5.  CONCLUSION 

We  have  developed  neural  networks  for  retrieval  of  temperature  soundings  from  radiances 
gathered  by  atmospheric  sounders  on  meteorological  satellites.  Work  to  date  suggests  the 
potential  for  accuracies  equal  or  somewhat  better  than  that  of  current  methods.  The  ability  to 
obtain  profiles  of  nearly  the  same  accuracy  relative  to  rawinsondes  from  a  reduced  set  of  sounder 
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radiances  opens  the  possibility  for  simpler,  less  expensive,  instruments.  Since  the  method  does  not 
use  a  priori  information  once  the  net  is  trained,  retrieval  of  temperature  profiles  requires  fewer 
computer  resources  and  should  produce  soundings  more  rapidly  than  present  techniques.  The 
need  for  smaller,  less  expensive,  processors  and  the  ability  to  generate  numerous  soundings  in  a 
relatively  short  time  should  make  satellite  temperature  soundings  more  amenable  for  a  variety  of 
applications.  Future  work  in  this  area  may  lead  to  an  operationally  capable  retrieval  package  that 
produces  temperature  profiles  with  noticeably  upgraded  accuracy.  Further  work  may  determine 
the  feasibility  of  deriving  wind  velocities  “directly”  from  satellite  sounder  radiances.  Potentially, 
neural  network  methods  may  lead  to  the  ability  to  extract  wind  profiles  that  are  sufficiently 
accurate  for  quantitative  uses,  such  as  input  to  mesoscale  models. 
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INTRODUCTION. 

The  EEMS  project  was  set  up  by  the  MWC 
(Maritime  Warfare  Centre)  as  a  result  of  a  priority 
one  tasking  from  the  UK  Royal  Navy’s 
Meteorological  Staff  to  develop  an  operational 
replacement  for  the  Integrated  Refractive  Effects 
Prediction  System  (IREPS). 

Despite  having  been  used  operationally  by  the  RN 
since  the  early  1980s,  IREPS  was  only  ever 
intended  as  a  technology  demonstrator.  Although 
IREPS  has  been  successful,  it  has  several 
limitations  associated  with  it.  These  include  a  lack 
of  terrain  handling,  an  inability  to  deal  with 
elevated  antennae,  a  limited  in  its  ability  to  assess 
effect  of  rapidly  changing  refractivity.  Perhaps  the 
biggest  constraint  is  that  IREPS  only  provides  an 
indication  of  presence  of  anomalous  propagation 
(ANAPROP),  this  is  not  of  sufficient  detail  to 
quantitatively  assess  the  impact  of  ANAPROP. 

Since  IREPS  there  have  been  many  advances  in  the 
computational  methods  available  to  calculate  the 
effect  of  the  environment  on  electromagnetic  wave 
propagation,  and  EEMS  is  to  take  advantage  of 
these  emerging  techniques. [Xew/5  and  Moore, 
19951 

Since  EEMS  was  always  intended  to  be  an 
operational  package  it  was  necessary  that  it  should 
operate  in  “real  time”.  For  the  purposes  that  EEMS 
is  intended,  “real  time”  means  that  all  calculations 
and  data  processing  must  be  completed  within  an 
operationally  useful  time  frame  [Moore  and  Lewis, 
1994].  For  example  if  the  aircrew  of  an  airborne 
early  warning  platform  is  to  be  briefed  on  the  likely 
effects  of  the  environment  upon  their  radar 
coverage  then  the  output  of  the  tactical  decision 
aids  within  EEMS  must  be  available  in  minutes  not 
hours. 

The  overall  aim  of  EEMS  is  to  provide  improved 
tactical  advice  by  allowing  a  greater  understanding 
of  the  effects  of  the  current  operational 
environment  on  the  sensors  and  communications  of 
the  relevant  platforms  (e.g,  air  defence  units). 


THE  COMPONENTS  OF  EEMS 

Although  EEMS  is  to  be  the  RN  successor  to 
IREPS  it  is  not  just  a  radar  propagation  model.  The 
radar  propagation  model  (TERPEM  TERrain 
Parabolic  Equation  Model)  is  one  module  within 
the  whole  of  EEMS.  The  components  that  comprise 
EEMS  are  an  EM  propagation  model.  Tactical 
Displays,  a  High  Frequency  Communications 
Model,  Links  to  a  terrain  database/GIS  system  and 
an  Electro  Optic  Tactical  Decision  Aid  (EOTDA). 

For  example,  if  an  operation  was  taking  place  in  a 
littoral  region  the  tactical  display/GIS  system 
would  be  used  to  plot  the  positions  of  a  task 
group’s  platforms.  EEMS  can  then  take,  directly 
from  the  Geographical  Information  System(GIS) 
terrain  database,  all  the  relevant  geographical 
information  to  allow  the  other  components  to 
determine  the  effect  of  the  terrain  on 
sensor/communications  coverage.  This  component 
of  EEMS  is  still  currently  under  development  at 
MWC. 

DEVELOPMENT  PHASES 

EEMS  is  to  be  developed  in  three  phases,  the  two 
earlier  phases  having  been  completed.  An  outline 
of  the  development  phases  is  given  below: 

Phase  1  (completed  July  95):  Includes  the  prototype 
radar  propagation  model  and  the  development  of 
tactical  displays. 

Phase  2  (completed  July  96):  Includes 
enhancements  to  the  radar  model  and  a  prototype 
human-computer  interface. 

Phase  3  (expected  1997):  Includes  the  HF 
communications  model  integration,  the  interim  EO 
TDA  integration  and  platform  stationing  and 
tracking  algorithms. 

EM-WAVE  PROPAGATION  MODEL 

The  principal  module  within  EEMS  is  the  EM- 
wave  propagation  model,  and  as  such  the  choice  of 
the  particular  model  used  was  of  high  importance. 
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In  determining  the  choice  several  factors  had  to  be 
considered.  Firstly,  the  output  had  to  be  of  greater 
fidelity  than  IREPS  and  be  able  to  produce  a  high 
degree  of  user  confidence  The  analysts  at  MWC 
\vere  already  familiar  with  tools  such  as  PC-PEM. 
This  model  had  been  extensively  used  in  analysis  of 
naval  operations  and  the  fidelity  of  its’  output 
considered  sufficient.  The  main  draw  back  of  this 
package  was  the  length  of  time  needed  to  calculate 
the  coverage  of  radars  especially  for  the  case  of 
elevated  antennas  (typically  many  hours).  For  an 
operational  tool  then  the  radar  model  would  have  to 
operate  in  a  time  frame  that  is  operationally  useful, 
typically  around  a  minute  to  calculate  the  coverage 
of  an  airborne  radar. 

The  objective  in  developing  the  EM_wave 
propagation  model  was  to  investigate  the 
relationship  between  accuracy  and  time-  could  a 
high  fidelity  solution  (e.g.  PE  models)  be  made 
timely  and  could  a  fast  analytical  solution  (e.g.  ray 
tracing)  be  sufficiently  precise? 

Approaches  using  both  techniques  were  considered 
using  the  criteria  of  varying  fidelity,  range 
dependency  and  timeliness.  However  it  was  found 
that  neither  approach  fully  met  the  EEMS 
performance  requirements.  Despite  this  both 
approaches  offered  considerable  improvement  on 
IREPS. 

Consequently  it  was  apparent  that  a  phase  of 
development  would  be  needed  to  meet  the 
requirements  for  EEMS  .Taking  into  account  the 
level  of  fidelity,  user  confidence  and  the  technical 
(and  financial)  risks  associated  with  development  it 
was  concluded  that  the  PE-Hybrid  approach 
(TERPEM)  would  be  the  most  suitable  way  ahead. 
The  development  of  TERPEM  is  described  by 
Levy  and  Craig  [1996]. 

TACTICAL  POST  PROCESSING  AND 
MEASURES  OF  EFFECTIVENESS 

Typically  the  output  from  a  propagation  model  has 
been  presented  in  the  form  of  a  vertical  coverage 
diagram  of  either  path  loss  or  conventional 
probability  of  detection.  This  type  of  approach 
allows  a  subjective  assessment  of  when  a  target  is 
likely  to  be  detected.  For  the  purposes  of  platform 
stationing  further  processing  needs  to  be  carried  out 
in  order  to  provide  an  objective  assessment  and 
degree  of  confidence  in  the  level  of  coverage 
provided  by  a  sensor. 

Within  EEMS  a  suite  of  software  has  been  created 
to  allow  a  further  degree  of  tactical  post  processing 
beyond  the  traditional  probability  of  detection.  This 


incorporates  the  dynamic  and  operator  factors  that 
are  all  part  of  an  operational  radar  system.  Figure  1 
below  displays  all  the  major  components  that  are 
part  of  a  radar  system. 


Figure  1:  Components  of  a  radar  system 


For  operational  assessment  a  radar  system  consists 
not  only  of  the  antenna/receiver,  signal  generator 
and  detection  logic  but  also  factors  such  as  the 
operator  performance,  and  how  the  information 
from  the  operator  is  delivered  to  the  command 
team.  Until  the  target  details  are  injected  into  the 
action  information  organisation  (AIO)  system  a 
response  cannot  be  made.  The  dynamic  nature  of  an 
AAW  scenario  can  have  a  large  impact  on  the 
detection  range  as  will  be  shown  later. 

The  software  developed  to  carry  out  the  processing 
of  the  radar  model  output  is  known  as  the  Target 
Detection  Range  Software  Suite  (TDRSS).  The  two 
components  of  TDRSS  are  the  MWC  developed 
models  PRAM  (Predator  Radar  Model)  and 
PREDATOR  (Predicted  Detection  Ranges  of 
Airborne  Targets  in  Operational  Regimes). 
Although  detailed  in  detail  by  Williams  and  Ayoola 
[1996]  PRAM  is  essentially  a  conventional 
application  of  the  radar  range  equation  using  the 
physical  parameters  of  the  system  of  interest  to 
produce  a  continuous  curve  of  probability  of 
detection  (PoD)  against  range.  PREDATOR  is  used 
to  consider  the  dynamic  situation  by  means  of  a 
Monte  Carlo  approach.  This  includes  the  effects 
such  as  aerial  rotation  rate,  target  speed,  detection 
logic  and  operator  factors.  The  full  list  of  factors 
included  are  the  radar  aerial  rotation  rate,  a  valid 
contact  criteria  (n  returns  above  threshold  OUT  OF  m 
sweeps  of  aerial),  the  operator  efficiency,  the 
operator  delays,  the  radar  range  scales  and  the 
target  speed. 

By  considering  the  cumulative  frequency  of 
detections  (number  of  simulated  detections  as  a 
percentage  of  total  number  of  simulations)  as  a 
function  of  range  a  Tactical  Radar  Range  (TRR) 
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can  be  defined-  The  MWC  definitions  of  PoD  and 
TRR  are  given  below: 

Probability  of  Detection:  the  range  for  a  given 
probability  that  a  static  but  fluctuating  target  will 
be  illuminated  and  provide  a  paint  on  an 
operator  *s  display. 

Tactical  Radar  Range:  the  range,  for  a  given 
probability,  that  a  valid  contact  is  recognised  by 
the  operator  and  injected  into  the  tactical  system. 

In  order  to  appreciate  the  differences  between  PoD 
and  TRR  (and  the  advantage  TRR  provides  in  terms 
of  platform  stationing)  it  is  necessary  to  examine  an 
example  of  the  type  of  analysis  HEMS  can  provide. 

EXAMPLE  OF  MEASURES  OF 
EFFECTIVENESS. 

For  this  example  the  refracting  environment  is 
assumed  to  be  a  strong  low  level  duct  extending  up 
to  approximately  300  metres.  A  surface  based 
antenna  is  placed  within  the  duct.  The  path  loss  was 
calculated  using  TERPEM  and  is  displayed  below 
in  figure  2. 


Figure  2:  Path  loss  diagram  calculated  using 
TERPEM. 


A  target  is  assumed  to  be  flying  directly  toward  the 
antenna  at  an  altitude  of  approximately  100  metres. 

As  can  be  seen  from  figure  2  extended  detection 
ranges  would  be  expected  against  low  flying 
targets.  However  some  quantitative  estimate  of  the 
range  at  which  this  target  would  be  detected  is 
required  in  order  to  aid  a  command  team  to  deploy 
their  assets  effectively.  Traditionally  this  has  been 
done  by  application  of  the  radar  range  equation  to 
calculate  the  probability  of  detection  as  a  function 
of  range. 

Figure  3  below  displays  the  PoD  as  a  function  of 
range  for  a  target  flying  toward  the  antenna  at  a 
height  of  100  metres.  The  presence  of  the  duct 
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makes  itself  felt  with  the  PoD  being  very 
discontinuous.  This  provides  a  problem  in  defining 
a  detection  range  for  planning  purposes.  If  a  50% 
PoD  is  to  be  used  as  the  basis  of  the  range  then 
there  is  an  ambiguity  as  to  whether  the  range  is  45 
miles  or  18  miles.  Making  a  decision  as  to  which 
range  to  use  means  making  a  subjective  assessment, 
which  is  to  a  degree  defeating  the  point  of  applying 
a  quantitative  analysis. 


Figure  3  Probability  of  detection  as  a  function  of 
range. 


It  is  at  this  stage  that  PREDATOR  would  be  used  to 
further  process  the  conventional  PoD  curve  to 
generate  a  cumulative  frequency  graph  of  the 
number  of  detections  made  against  range.  The 
effect  of  including  the  dynamics  of  the  scenario 
plus  the  valid  contact  criterion  is  to  allow  a  non- 
ambiguous  single  value  for  the  detection  range 
based  upon  the  percentage  of  targets  that  would 
have  been  detected  at  that  range.  If  this  approach  is 
applied  to  a  smooth  and  continuous  PoD  curve  as 
might  be  expected  in  standard  refracting  conditions, 
the  effect  is  to  produce  a  curve  with  a  profile  that 
tends  toward  a  step  function.  An  example  is 
displayed  below  in  figure  4.  This  is  effectively  a 
“cookie  cutter”  for  the  detection  range  and  as  such 
is  heavily  used  in  search  and  screening  doctrine  to 
determine  optimum  asset  placement  [United  States 
Naval  Institute,  1977]. 


Figure  4  Effect  of  application  of  PREDATOR  on 
a  smooth  PoD  curve. 


For  the  problem  of  a  discontinuous  PoD  curve  as  in 
figure  3,  the  application  of  PREDATOR  is 
particularly  useful.  Since  the  dynamics  of  the 
situation  are  now  being  considered  it  enables  the 
command  team  to  appreciate  the  impact  of  these 
dynamics  upon  the  tactical  situation.  In  figure  5 
below  the  TRR  curves  for  a  target  travelling  at  100 
knots  and  at  600  knots  are  overlaid  on  the  PoD 
curve.  As  can  be  seen  the  slow  moving  target 
presents  enough  opportunities  for  illumination 
around  110  NM  that  by  this  range  50%  of  the 
targets  would  have  been  detected  and  the  radar 
operator  alerted.  The  fast  moving  target  however 
has  usually  passed  through  the  small  detection 
possibility  at  110  NM  and  usually  isn’t  recognised 
until  approximately  45  NM.  Being  able  to  consider 
such  factors  can  have  a  major  impact  on  the 
stationing  of  assets.  In  a  simplistic  approach  it 
could  be  said  that  if  the  threat  is  expected  to  be 
relatively  slow  then  assets  could  be  spread  further 
since  the  TRR  for  this  threat  larger.  For  the  600 
knot  target  units  would  have  to  be  placed  closer 
together  to  provide  seamless  coverage. 


Figure  5  Effect  of  target  speed  on  Tactical 
Radar  Range 


attached  to  the  mission  essential  unit  in  a  task 
group.  A  more  likely  scenario  is  that  the  TRR  for 
an  air  defence  ship  is  going  to  be  needed  against  a 
crossing  target.  Modifications  have  already  been 
made  to  the  components  of  EEMS  to  take  into 
account  changing  aspect  of  target  and  the  other 
factors  needed  to  assess  the  coverage  against 
crossing  targets. 

HF  COMMUNICATIONS  MODULE 

The  HF  communications  model  is  derived  from 
JIVE  (Jamming  Interception  Vulnerability 
Estimator)  which  was  originally  developed  at  DRA 
Malvern.  The  details  of  this  module  are  detailed  by 
Moore  and  Shukla  [1996]  and  Shukla  et  al  [1996]. 

LINKS  TO  TERRAIN  DATABASE 

When  conducting  littoral  operations  the  ability  to 
predict  inshore/overland  radar/radio  coverage  is 
essential,  hence  terrain  features  are  an  important 
data  requirement.  Phase  three  of  EEMS  will 
incorporate  a  GIS  system  which  will  provide  all 
necessary  geographical  information.  The  tactical 
displays  and  terrain  database  will  provide  both  a 
visual  display  of  sensor/communication  coverage 
and  act  as  a  method  of  defining  the  scenario,  in 
effect  acting  as  both  the  input  and  output  of  EEMS. 

ELECTRO-OPTIC  TDA 

The  Electro-Optic  Tactical  Decision  Aid  (EO  TDA) 
is  being  sourced  via  an  international  exchange 
program  with  the  US  Navy, 

FUTURE  DEVELOPMENTS 

The  prime  reason  for  presenting  the  coverage  as  the 
Tactical  Radar  Range  is  to  enable  the  command 
team  to  deploy  their  assets  to  their  best  advantage. 
As  mentioned  above,  the  single  valued  nature  of  the 
TRR  allows  the  coverage  range  for  an  acceptable 
confidence  level  (for  example  95%  of  targets  will 
have  been  recognised  and  the  unit  alerted)  to  be 
considered  as  a  “cookie  cutter”.  This  can  be  used  to 
simply  display  this  coverage  visually  and  overlay 
on  some  form  of  map  display  (see  figure  6  ). 


This  approach  makes  the  assumption  that  the  target 
is  flying  directly  toward  the  antenna.  This  may  be  a 
reasonable  assumption  if  the  antenna  happens  to  be 
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Figure  6:  Platform  stationing  using  TRR  to 
define  a  simple  “cookie  cutter”. 


The  underwater  warfare  community  has  for  many 
years  used  the  Tactical  Sonar  Range  (TSR),  and 
using  this  range  developed  many  useful  search  and 
screening  type  doctrine.  The  tools  are  now 
available  in  the  above  water  warfare  world  to  be 
able  to  take  account  of  the  environment  and 
determine  its’  impact  on  sensors  and  consequently 
tactics.  By  making  use  of  concepts  such  as  TRR  it 
is  now  possible  to  make  use  of  the  lessons  learnt  in 
the  underwater  world,  and  their  ability  to  exploit 
the  environment  to  their  advantage,  and  use  them 
for  a  fresh  approach  to  above  water  warfare 
doctrine  and  analysis. 


Lewis  D.  and  Moore  M.,  “HEMS  Phase  1  EM- 
Model  Evaluation”,  MoD  Report  (Unpublished), 
1995 

Moore  M.  and  Lewis  D.,  “Operational  Sensor 
Performance  Prediction  and  Analysis”.  AGARD 
Conf.  Proc.  567,  "Propagation  Assessment  in 
Coastal  Environments.",  1994. 

Moore  M.  R.  and  Shukla  A.  K.,  “High  Frequency 
Coverage  Predicion  for  EEMS”,  Battlespace 
Atmospherics  Conference,  San  Diego,  US,  1996. 

Shukla  A.,  Cannon  P.  and  Moore  M,,  “A  HF 
Tactical  Decision  Aid  for  Conventional  and 
Automated  Radio  Control  Systems”,  Battlespace 
Atmospherics  Conference,  San  Diego,  US,  1996. 


SUMMARY 

The  EEMS  project  is  aimed  at  providing  the  above 
water  community  with  a  tool  that  enables  the 
command  team  to  exploit  the  environment  to  their 
advantage.  The  final  product  will  allow  the  user  to 
determine  the  coverage  of  both  radar  and  electro¬ 
optic  sensors  and  the  coverage  of  radio 
communications.  By  incorporating  concepts  such  as 
TRR  with  modem  GIS  systems,  classical  search 
and  screening  doctrine  can  be  applied  and 
optimised  to  the  above  water  environment.  This  can 
be  used  for  optimal  asset  deployment. 
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METEOROLOGICAL  SUPPORT  FOR  UK  NAVY  OPERATIONS 


S  J  Moss  and  A  C  Steele 


Meteorological  Office,  London  Road,  Bracknell,  Berks,  RG12  2SZ,  U.K 


1.  INTRODUCTION 

Atmospheric  refraction  effects  are  well  known  to  the  Royal  Navy  (RN)  as  a  factor  that  can 
dramatically  affect  the  performance  of  radars,  giving  extended  ranges  in  ducting  conditions  and 
reduced  ranges  in  sub-refracting  conditions.  The  RN  currently  use  IREPS  (Integrated  Refractive 
Effects  Prediction  System)  operationally  to  predict  radar  performance.  This  system  uses  a  single 
radiosonde  ascent  to  represent  the  propagating  environment.  This  is  then  used  to  calculate  the 
predicted  radar  coverage. 

Since  1990  the  RN  have  also  been  using  a  PC-PEM  (Parabolic  Equation  Method),  which  was 
developed  by  Rutherford  Appleton  Laboratory,  in  addition  to  IREPS  to  support  radar 
propagation  and  modelling  and  range  prediction.  This  model  is  described  by  Craig  and  Levy 
(1989)  and  was  found  to  give  reliable  propagation  predictions. 

The  accuracy  of  both  the  PC-PEM  and  IREPS  models  is  limited  by  the  quality  of  the  available 
meteorological  data.  Radiosonde  ascents  are  routinely  made  at  6  hourly  intervals  (4  per  day)  from 
8  locations  around  the  UK  (in  addition  to  several  sited  in  Europe).  No  data  are  routinely  available 
over  the  sea,  and  the  spatial  resolution  is  relatively  poor.  This  means  that  the  most  appropriate 
ascent  available  for  a  specific  forecast  of  radar  propagation  may  be  hundreds  of  kilometres  from 
the  operating  area,  and  several  hours  old.  To  overcome  these  problems  a  study  was  carried  out  to 
investigate  the  possibility  of  using  UK  Met  Office  Mesoscale  Model  output,  in  conjunction  with  a 
PE  model  for  forecasting  radar  performance. 


2.  THE  MET  OFFICE  MESOSCALE  MODEL 

The  Met  Office  Mesoscale  Model  (MM)  forms  an  integral  part  of  the  operational  Unified  Model 
(UM)  suite  which  is  run  routinely  by  the  Met  Office  at  Bracknell.  The  UM  suite,  which  has  been 
described  by  Cullen  (1993),  consists  of  global,  limited  area  and  Mesoscale  versions  of  the  Unified 
Model.  The  Mesoscale  version  of  the  model  has  a  grid  length  of  0.15°  (about  17  km)  on  a  92x92 
grid  covering  an  area  of  about  1500  kmxl500  km  and  has  31  levels  up  to  4.6  mb.  In  the  lower 
atmosphere,  which  is  the  region  of  interest  for  radar  propagation  predictions,  there  are  1 1  levels 
below  1500  m.  These  are  shown  in  Table  1,  where  the  heights  are  approximate  since  the  levels  are 
defined  using  a  hybrid  sigma/pressure  co-ordinate  system. 
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The  MM  can  be  run  for  a  number  of  relocateable  windows,  a  standard  version  is  run  for  the  UK, 
and  two  ‘crisis-area’  models  can  also  be  run  at  the  same  time.  Currently  the  model  is  run  for  the 
Gulf  and  the  region  around  the  former  Yugoslavia. 


Level 

Height 

im)_ 

Level 

Height 

(m) 

0 

0 

6 

435 

1 

10 

7 

595 

2 

40 

8 

770 

3 

100 

9 

955 

4 

190 

10 

1155 

5 

300 

11 

1365 

Table  1.  Approximate  heights  of  levels  below  1500  m  in  the  Met  Office  MM. 


A  joint  trial  between  the  Met  Office  and  the  Royal  Navy  Fleet  Weather  and  Oceanographic 
Centre  (FWOC)  was  carried  out  in  the  summer  of  1994,  in  the  Adriatic,  to  assess  the  usefulness 
of  the  MM  forecasts  for  predicting  radar  ducting.  Full  details  of  this  trial  are  given  in  Tunnicliffe 
etal  (1994). 


3.  PREDICTION  OF  PROPAGATION  CONDITIONS 

During  the  period  of  the  trial  radiosonde  ascents  were  made  from  a  ship  at  sea  at  OOZ  and  12Z. 
These  data  were  then  compared  with  MM  data  for  the  nearest  grid  point  to  the  ship.  Initially  the 
propagation  conditions  at  low  levels  were  diagnosed  from  both  the  model  and  actual  profiles,  and 
the  results  were  compared.  Comparisons  were  made  for  (i)  surface  evaporation  ducts  and  (ii) 
other  ducts. 


Evap  Duct  depth  (m)  -  sonde 


Figure  1 .  Comparison  of  derived  evaporation  duct  depths  from  radiosonde  and  MM  data. 
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Evaporation  ducts  were  diagnosed  from  the  radiosonde  profiles  using  the  evaporation  duct  model 
in  the  IREPS  PC-2.0  software.  This  gave  duct  depths  ranging  from  4  m  to  22  m.  Evaporation 
duct  depths  were  similarly  diagnosed  from  the  MM  data  by  inputting  the  predicted  surface 
parameters.  The  results  gave  a  mean  depth  error  of  +0.3  m,  with  an  rms  error  of  4.7  m.  These 
results,  shown  in  Figure  1 ,  suggest  that  reasonable  predictions  of  evaporation  duct  depth  can  be 
determined  from  the  MM. 

The  other  ducts  considered  were  those  ducts  which  were  all,  or  part,  found  below  1000  ft;  this 
being  the  region  of  the  atmosphere  which  is  most  important  to  RN  radar  operations.  The  results 
are  summarised  in  the  matrix  in  Table  2.  This  shows  that  ducting  conditions  occurred  on  82%  of 
all  occasions.  Clearly  the  MM  is  capable  of  predicting  low  level  ducts,  although  it  often 
misrepresented  the  duct  structure  since  it  tended  to  predict  simple  surface  ducts  rather  than  the  S- 
shaped  structure  which  generally  occurred. 

The  MM  forecasts  were  also  compared  to  predictions  based  on  persistence  (i.e.  assuming 
conditions  are  unchanged  from  the  previous  radiosonde  ascent  when  it  was  no  more  than  24 
hours  old).  The  predictions  based  on  persistence  have  a  very  good  ‘hit  rate’,  however  they  exhibit 
a  much  larger  ‘false  alarm  rate’  than  the  MM  forecasts.  The  forecast  methods  were  compared  by 
means  of  a  ‘skill’  parameter,  where  the  skill  score  lies  in  the  -100%  to  +100%,  where  0  would 
result  from  a  random  forecast.  The  skill  score  from  the  above  cases  for  persistence  predictions  is  - 
4%,  whereas  the  skill  score  for  the  MM  predictions  is  45%. 


MM 

Radiosonde 

NU 

Simple 

S-Shaped 

Elevated 

All 

Nil 

4 

0 

7 

1 

12 

Simple 

1 

0 

8 

0 

9 

S-Shaped 

0 

0 

5 

0 

5 

Elevated 

0 

0 

1 

1 

2 

All 

5 

0 

21 

2 

28 

Table  2.  Ducting  conditions  matrix  for  MM  forecasts. 


3.1  RADAR  RANGE  PREDICTIONS 

Whilst  the  above  results  have  examined  the  capability  of  the  MM  for  refractivity  forecasting  and 
determining  the  propagation  conditions,  it  can  be  argued  that  it  is  operationally  more  relevant  to 
judge  the  MM  on  its  usefulness  for  making  radar  range  predictions.  Therefore  range  predictions 
were  made  with  the  RN’s  version  of  the  PC-PEM  using  both  the  predicted  (mm)  and  actual 
conditions. 

Figure  2  shows  examples  of  the  predictions  from  PC-PEM  for  midday  on  3  June  1994.  The  three 
grey  shades  correspond  to  detection  ranges  for  small,  medium  and  large  targets.  The  example  on 
the  left  shows  a  prediction  using  an  actual  ascent.  In  this  case  a  strong  duct  some  580  ft  deep  was 
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evident,  giving  extended  ranges.  The  MM  forecast  suggested  a  duct  of  a  similar  depth,  although 
the  predicted  duct  was  much  weaker  than  that  observed. 


Range  R^'fge 

Figure  2.  PC  PEM  coverage  displays  based  on  (left)  measured  radiosonde  data  and  (right)  MM 

forecast. 


3.2  RANGE  DEPENDENCY 

So  far  the  refi'activity  predictions  fi'om  the  MM  have  only  been  compared  to  single  point 
measurements  made  from  a  ship.  However,  in  such  a  coastal  environment  the  structure  of  the 
boundary  layer  will  be  modified  across  the  land/water  transition.  This  may  lead  to  significant 
range-dependent  behaviour  such  that  the  radar  coverage  predictions  based  on  a  single  profile  can 
sometimes  be  misleading.  The  coverage  of  a  ship-borne  radar  looking  towards  land  (and  also  a 
coastal  radar  looking  out  to  sea)  will  often  be  affected  by  a  range  dependent  environment.  This 
includes  both  the  effect  of  the  changing  surface  (sea/land),  terrain  effects  (Levy,  1993)  and  a 
range  dependent  atmospheric  structure. 

An  example  illustrating  the  type  of  range  dependent  behaviour  that  can  be  predicted  by  the  MM  is 
given  here.  In  this  case,  from  midday  on  3  June  1994,  the  MM  prediction  showed  good 
agreement  with  the  measured  profile  from  the  ship.  The  MM  suggested  a  surface  based  duct  190 
m  deep  and  the  observations  showed  a  surface  S-shaped  duct  of  177  m  depth.  There  was  also  a 
shallow  near  surface  evaporation  duct  embedded  within  the  ducting  layer.  Figure  3  shows  the 
modified  refractivity  profiles  along  a  line  crossing  the  Dalmatian  coast.  The  profiles  have  been 
offset  by  100  M-units  for  clarity.  This  line,  defined  by  3  grid  points,  was  about  96  km  long  and 
virtually  perpendicular  to  the  coastline,  which  coincides  with  the  right-most  profile  in  Figure  3. 
Here  the  model  coast  line  is  quite  simple,  whereas  the  actual  coastal  region  in  this  area  is  a 
complex  network  of  islands  and  peninsulas. 

In  this  example  the  structure  of  the  ducting  layer  in  the  MM  changes  significantly  as  the  land  is 
approached.  The  simple  surface  duct  becomes  S-shaped  as  the  base  of  the  trapping  layer  rises  and 
the  duct  detaches  from  the  ground  (i.e.  it  becomes  an  elevated  duct)  before  the  coastline  is 
reached.  The  duct  also  weakens  as  the  coast  is  approached.  On  this  occasion  the  whole  area  was 
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Figure  3.  MM  predicted  modified  refiractivity  profiles  along  a  line  perpendicular  to  the  coast  line 

(for  midday  on  3  June  1994) 

Although  the  above  shows  that  the  MM  is  capable  of  resolving  range  dependencies  in  a  coastal 
environment,  the  accuracy  of  the  predictions  is  unknown  at  present,  since  there  are  no 
measurements  with  which  to  compare  the  MM.  To  overcome  this  problem  the  Meteorological 
Support  Group  (MSG)  of  the  MOD  have  sponsored  aircraft  flights  by  the  Met.  Office 
Meteorological  Research  Flight  (MRF)  C-130  Hercules  in  coastal  areas.  The  MRF  C-130  is  a 
fully  instrumented  Hercules,  which  is  capable  of  measuring  a  full  range  of  meteorological 
parameters  including;  temperature,  dew  point,  pressure,  wind  speed  and  direction,  cloud  physics, 
radiation,  and  atmospheric  chemistry.  It  has  a  long  (12  hour)  endurance;  a  5000  km  range  and  a 
ceiling  of  10000  m. 

Two  flights  will  be  carried  out  over  the  south  east  coast  of  England  (East  Anglia),  as  shown  in 
Figure  4.  This  area  has  been  chosen  because  of  the  proximity  of  the  coastal  radiosonde  station  at 
Hemsby.  The  data  from  the  radiosondes  will  give  information  on  the  structure  of  the  atmosphere 
over  the  land.  The  C-130  will  measure  the  structure  of  the  atmosphere  over  the  sea  and  coastal 
regions.  The  flight  will  include  profiles  over  the  sea  fi-om  above  the  boundary  layer  to  50  ft  above 
sea  level.  50  km  straight  and  levels  runs  will  also  be  carried  out  perpendicular  to  the  coast.  These 
will  be  carried  out  at  various  heights,  ranging  from  100  ft  above  sea  level  to  the  top  of  the 
boundary  layer.  Runs  above  250  ft  will  be  continued  for  30  km  inland  (250  ft  is  the  lowest 
permitted  altitude  for  flights  over  land). 

In  addition  to  the  two  flights  off  the  south  east  coast  of  England,  the  MSG  are  also  sponsoring  20 
flying  hours  for  a  European  experiment  called  Variability  of  Coastal  Atmospheric  Processes 
(VCAP).  This  experiment  is  part  of  the  Scientific  Training  and  Access  to  Aircraft  for 
Atmospheric  Research  Throughout  Europe  (STAAARTE)  programme.  The  flights  will  follow  a 
similar  pattern  to  the  UK  flights,  but  they  will  be  located  off  the  coast  of  Sweden.  This 
experiment  will  take  place  in  April/May  1997.  The  operating  area  for  the  VCAP  flights  are  also 
shown  in  Figure  4. 
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Figure  4.  C-130  operating  areas  for  UK  and  VCAP  flights. 

These  flights  will  enable  the  detailed  measurement  of  the  structure  of  the  coastal  environment  to 
be  made.  The  results  can  be  compared  with  the  MM  output  to  determine  if  the  MM  performs 
sufficiently  well  in  coastal  regions.  The  results  will  also  be  used  to  determine  how  to  interpolate 
between  MM  grid  points  in  littoral  environments  (see  section  4). 


4.  ENVIRONMENTAL  ELECTROMAGNETIC  MODELLING  SYSTEM 

The  above  results  have  illustrated  that  the  MM  can  be  used  in  conjunction  with  a  PE  model  to 
give  reliable  predictions  of  the  propagation  environment.  Additionally  the  MM  is  able  to  model 
changing  reffactivity  conditions  in  littoral  regions.  However,  the  RN  have  an  operational 
requirement  for  a  fast,  accurate  RF/microwave  prediction  system  able  to  model  propagation  in  the 
littoral  environment  over  mixed  (land/sea)  paths.  Neither  the  IREPS  nor  the  PC-PEM  models 
meet  this  requirement.  The  IREPS  model  cannot  take  account  of  a  range  dependent  environment, 
and  PE  models  are  generally  too  slow  to  be  used  operationally  in  real-time. 

To  overcome  this  problem,  the  RN  have  embarked  on  a  project  to  develop  a  timely,  high  fidelity, 
fully  range  dependant  electromagnetic/electro-optic  modelling  system.  The  new  model,  called 
EEMS  (Environmental  Electromagnetic  Modelling  System),  is  being  developed  in  collaboration 
with  the  Maritime  Warfare  Centre  (Gosport),  Signal  Sciences  Ltd  (UK)  and  the  Meteorological 
Office.  EEMS  will  include  an  advanced  RF  propagation  model  which  can  take  account  of  a  range 
dependent  environment,  and  it  will  have  links  to  a  terrain  database.  To  overcome  the  problem  of 
the  amount  of  processing  time  required  for  full  PE  models,  a  combined  PE/ray  optics  model  has 
been  developed  (by  Signal  Sciences  Ltd.).  Only  regions  where  the  full  detail  is  required  are 
processed  with  PE  models,  with  the  other  regions  being  treated  with  simpler  and  faster  ray  optics 
techniques.  This  hybrid  model  is  described  in  more  detail  by  Levy  and  Craig  (1996). 
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The  Met.  Office  are  developing  a  meteorological  pre-processor  for  EEMS.  MM  data  for  the 
Adriatic  is  being  used  for  development  purposes.  The  ideal  position  would  be  to  have  all  model 
grid  points  at  all  levels  for  the  whole  model  area  at  6  hour  intervals  to  T+24.  However,  this  would 
involve  vast  amounts  of  data  which  could  not  be  transmitted  in  a  timely  manner.  As  a 
compromise,  a  subset  of  the  MM  area  will  be  extracted;  either  a  small  area,  or  a  larger  area  with  a 
coarser  resolution  (i.e.  every  other  grid  point)  would  be  available.  Data  retrieval  will  be  carried 
out  via  a  PC  program.  A  prototype  of  the  user  interface  is  illustrated  in  Figure  5.  The  user  will  be 
able  to  use  the  mouse  to  locate  the  ship’s  position  and  the  bearing  of  interest  (the  ‘threat  axis’). 


Figure  5.  Prototype  of  the  user  interface  for  the  EEMS  met.  pre-processor. 


Environmental  profiles  will  be  calculated  for  points  at  specified  intervals  along  the  threat  axis. 
Initially  the  nearest  MM  grid  point  to  each  point  on  the  threat  axis  will  used.  This  method  should 
give  a  good  indication  of  the  range  dependency  along  the  threat  axis.  In  littoral  regions,  this 
approach  may  not  give  the  best  representation.  For  example,  a  point  on  the  threat  axis  may  be 
over  the  sea  while  the  nearest  grid  point  may  be  over  the  land.  In  this  case,  the  environment  may 
differ  greatly  from  the  specified  point  on  the  threat  axis  to  the  nearest  grid  point. 


To  overcome  this  problem,  it  is  planned  to  include  an  interpolation  scheme  between  the 
surrounding  grid  points  to  give  a  series  of  derived  profiles  which  lie  along  the  line  of  the  threat 
axis.  Some  of  the  possible  interpolation  techniques  which  are  being  considered  are; 

(i)  a  simple  linear  or  quadratic  interpolation,  and 

(ii)  the  Refractivity  Structure  Matching  Algorithm  (RSMA),  developed  by  the  Naval  Research 
Laboratory  (NRL)  and  Analysis  &  Technology,  Inc,  Monterey. 


It  is  possible  that  the  best  method  may  differ  for  different  environmental  conditions.  For  example, 
in  a  truly  maritime  environment,  the  boundary  layer  will  not  vary  greatly  from  one  grid  point  to 
another,  so  a  simple  linear  interpolation  between  the  points  may  prove  to  be  sufficient.  However 
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in  the  coastal  regions,  the  boundary  layer  is  likely  to  change  significantly  from  one  grid  point  to 
another,  especially  if  the  grid  spacing  spans  the  sea/land  interface.  In  these  cases  a  more  complex 
interpolation,  perhaps  linked  with  the  RSMA  technique  may  be  necessary.  The  results  from  the  C- 
130  flights  will  be  used  to  determine  the  most  appropriate  interpolation  technique  for  the  MM  in 
the  various  environments. 
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INTRODUCTION 

Electromagnetic  sensors  in  the  30  MHz  to  millimetre  wave  frequency  range  are  affected  by 
refractive  effects  in  the  troposphere  and  by  diffraction  and  reflection  due  to  terrain.  Defence 
applications  require  fast  and  accurate  propagation  models  for  operational  EM  forecasting.  The 
TERPEM  propagation  package  has  been  commissioned  by  the  Royal  Navy  for  inclusion  in  its 
electromagnetic  forecasting  tool  EEMS  (Environmental  Electromagnetic  Modelling  System)  [1]. 
The  TERPEM  propagation  models  are  based  on  the  hybrid  model  approach,  which  provides  fast 
computation  while  retaining  high  fidelity  of  the  results. 

TERPEM  includes  a  Windows  or  Windows  95  interface  allowing  easy  parameter  input  and 
flexible  display  options.  The  general  structure  of  the  package  is  shown  in  Figure  1.  The  first 
release  of  EEMS  does  not  include  a  terrain  interface,  and  terrain  profiles  must  be  provided  by 
the  user.  A  full  geographical  information  system  interfacing  with  DTED  will  be  provided  at  a 
later  stage. 

The  main  output  of  TERPEM  is  a  two-dimensional  path  loss  array,  which  can  either  be 
displayed  as  a  coverage  diagram  or  used  for  extraction  of  path  loss  values  along  a  user-defined 
trajectory.  Path  loss  values  along  a  trajectory  can  be  displayed  or  passed  to  the  TDRSS  radar 
performance  analysis  suite  [2]  for  postprocessing.  Figure  2  shows  a  general  view  of  the 
TERPEM  interface  products. 

METEOROLOGICAL  MODELS 

TERPEM  includes  several  options  for  entering  upper-air  and  evaporation  duct  data  at  a  given 
range.  Upper-air  data  can  be  entered  manually  or  read  from  a  file,  and  are  accepted  in  several 
forms  (WMO  code,  refractivity  or  modified  refractivity  versus  height,  pressure-temperature- 
relative  humidity  versus  height).  Alternatively  a  standard  well-mixed  atmosphere  model  with  a 
user-defined  k-factor  can  be  used.  Evaporation  duct  data  can  be  entered  as  duct  height,  or  via  the 
bulk  parameters  (sea  temperature  and  air  temperature,  humidity  and  wind  speed).  In  the  latter 
case  the  full  Battaglia  model  is  used  to  calculate  the  low-level  refractivity  profile,  taking 
boundary  layer  stability  into  account.  It  is  also  possible  to  suppress  the  evaporation  duct  if 
desired.  A  merging  algorithm  is  used  to  combine  smoothly  the  evaporation  duct  and  upper-air 
data.  An  overview  of  the  meteorological  module  is  given  in  Figure  3. 
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Range-dependent  options  include  the  possibility  of  feature  interpolation  between  vertical 
profiles,  allowing  for  example  the  modelling  of  sloping  ducts,  or  of  step  changes  when  a  new 
profile  is  encountered.  At  a  later  stage  in  EEMS  development,  range-dependence  capabilities 
will  be  extended  using  the  mesoscale  model  interface  developed  by  the  Meteorological  Office 
[3]. 

TERPEM  HYBRID  PROPAGATION  MODELS 

The  parabolic  equation  (PE)  method  has  for  some  years  been  the  preferred  technique  for  solving 
the  wave  equation  in  complex  tropospheric  environments.  When  backscatter  can  be  neglected, 
the  one-way  PE  provides  a  rigorous  full-wave  solution  incorporating  both  atmospheric  and 
terrain  effects  [4,5].  However  integration  times  can  become  too  long  for  operational  use  when 
the  solution  is  required  at  high  altitudes  and  for  large  propagation  angles.  It  turns  out  that  in 
most  tropospheric  environments,  the  full  power  of  the  PE  is  unnecessary  for  large  angles  and 
heights.  The  idea  of  using  faster  techniques  in  these  regions  was  pioneered  by  Herb  Hitney  with 
RPO  (Radio  Physical  Optics)  [6].  RPO  is  an  excellent  model  for  oversea  propagation,  currently 
restricted  to  source  heights  below  1(X)  m. 

Since  EEMS  must  have  the  capability  to  model  coastal  or  land  environments,  and  must  not  be 
limited  to  low  sources,  the  TERPEM  models  had  to  add  new  building  blocks  to  the  basic  RPO 
concept.  One  major  change  is  the  use  of  the  horizontal  parabolic  equation  (HPE)  method  instead 
of  extended  optics  to  extend  the  coverage  diagram  upwards  [7].  HPE  is  a  rigorous  full-wave 
solution  to  the  wave  equation,  which  calculates  the  field  above  a  certain  height  from  known 
values  at  that  height.  Terrain  and  range-dependent  refractivity  features  below  the  threshold 
height  can  be  handled  without  difficulty.  The  numerical  HPE  solution  is  based  on  Fast  Fourier 
Transforms  in  the  range  variable.  Another  important  novel  feature  is  the  use  of  incoming  energy 
PE  techniques  to  model  high  antennas  while  keeping  integration  times  small. 

Figure  4  shows  the  regions  of  the  coverage  diagram  where  the  different  models  are  used.  The 
flat  Earth  (FE)  and  ray-optics  (RO)  models  are  adapted  from  RPO.  Once  the  limiting  height  zlim 
for  the  PE  domain  is  chosen,  angle  psilim  is  calculated  as  a  function  of  frequency  and  the 
environment  in  order  to  ensure  that  rays  launched  from  the  source  and  hitting  the  ground  at 
angles  greater  than  psilim  will  neither  be  affected  by  terrain  diffraction  nor  trapped  by  ducting 
layers.  The  vertical  parabolic  equation  (VPE)  region  includes  trapping  layers  and  terrain. 

Any  vertical  PE  algorithm  may  be  used  in  the  VPE  region.  Since  speed  is  the  prime 
consideration  here,  we  have  opted  for  the  Fourier/split-step  algorithm,  based  on  a  sine  transform 
for  smooth  perfectly  conducting  terrain  and  on  the  mixed  transform  [8]  for  more  general  cases. 
Terrain  is  modelled  as  a  sequence  of  horizontal  steps  rather  than  with  the  more  time-consuming 
conformal  mapping  approach  [9].  An  absorbing  layer  is  added  at  the  top  of  the  VPE  domain  to 
avoid  parasitic  reflections. 

The  mixed  transform  option  allows  the  modelling  of  finite-impedance  boundaries,  giving 
accurate  results  for  vertical  polarisation.  TERPEM  also  allows  the  modelling  of  sea-surface 
roughness,  using  a  model  based  on  wind  speed  to  compute  a  range-dependent  effective 
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impedance  which  is  then  used  to  calibrate  the  mixed  transform  [8],  Local  angles  of  incidence  are 
computed  with  geometrical  optics.  Roughness  effects  can  be  severe,  as  shown  in  Figure  5. 

TERPEM  includes  an  atmospheric  absorption  calculation  based  on  the  line-by-line  MPM  model. 
In  the  current  release,  the  pressure,  temperature  and  humidity  for  the  MPM  calculation  are 
assumed  independent  of  range  and  height,  in  order  not  to  complicate  the  input  interface.  Full 
height  and  range  specification,  which  could  be  important  for  some  millimetre-wave  applications, 
will  be  available  at  a  later  stage. 

fflGH  ANTENNAS 

If  no  extra  ingredient  is  used,  the  VPE  region  must  include  the  source,  and  hence  integration 
times  and  memory  requirements  can  become  prohibitive  for  airborne  systems.  Recent  work  on 
non-local  boundary  conditions  [10,11]  demonstrated  that  with  finite-difference  implementations 
of  the  PE,  the  VPE  domain  can  in  fact  be  truncated  cleanly  at  any  height  above  which  the 
propagation  medium  becomes  fully  upwards  transmitting  (no  energy  coming  from  below  is  bent 
back  downwards). 

Recent  developments  have  produced  a  split-step/Fourier  version  of  the  rigorous  non-local 
boundary  condition  approach.  The  basic  idea  is  to  look  at  the  solution  that  would  be  obtained  by 
putting  a  perfect  mirror  at  the  upper  boundary,  and  to  compare  it  to  the  wanted  solution  (i.e. 
without  the  mirror).  Incoming  energy  is  fed  in  through  the  discontinuity  caused  by  the  mirror.  It 
is  added  at  each  step  via  multiplication  with  a  suitable  kernel.  This  technique  requires 
knowledge  of  the  mirror  solution.  For  some  cases  (linear  medium  above  the  boundary  and 
Gaussian  source),  this  can  be  obtained  in  closed  form.  The  more  general  solution  adopted  for 
TERPEM  is  to  use  ray-optics,  with  a  suitable  filter  the  avoid  a  brutal  cut-off  at  the  optical 
horizon.  Figure  6  shows  a  schematic  of  the  incoming  energy  PE  approach  for  high  antennas.  The 
angular  domain  for  the  VPE  region  is  kept  to  the  minimum  required  for  accurate  treatment  of 
ducting  layers  and  terrain,  and  ray-optics  are  used  for  larger  angles. 

With  this  technique,  the  VPE  domain  does  not  depend  on  source  height,  but  only  on 
environmental  constraints.  A  matching  generalized  HPE  technique  is  available  to  extend  the 
solution  upwards  if  required.  The  resulting  algorithm  is  very  efficient  since  the  VPE  region  is 
usually  limited  to  a  few  hundred  metres  above  the  surface,  and  propagation  angles  generally 
remain  small  at  these  low  heights.  If  only  low  altitude  coverage  is  required,  the  HPE  stage  can 
be  skipped,  thus  giving  further  speed-up  since  the  range-step  constraints  are  then  relaxed. 
Integration  times  can  be  reduced  even  further  if  near-horizon  coverage  is  the  main  application, 
since  integration  can  then  start  at  near-horizon  ranges.  In  all  cases,  comparison  with  a  pure  VPE 
method  gives  near-perfect  agreement. 

Figure  7  shows  the  coverage  diagram  of  a  10  GHz  source  at  altitude  3000  ft  with  an  elevated 
duct.  This  was  obtained  in  less  than  a  minute  on  a  100  MHz  Pentium  machine,  compared  to 
about  10  minutes  with  the  standard  VPE  method  where  the  domain  must  include  the  source.  The 
VPE/HPE  threshold  height  for  this  case  was  1320  ft.  A  comparison  with  the  standard  VPE 
method  at  a  range  of  150  nmi  shows  excellent  agreement. 
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Figure  8  shows  the  coverage  diagram  of  a  3  GHz  airborne  source  at  altitude  30000  ft  with 
multiple  ducts  and  hilly  terrain.  This  was  obtained  in  less  than  2  minutes,  compared  to  about 
30  minutes  with  the  standard  VPE  method.  The  VPE/HPE  threshold  height  for  this  case  was 
4350  ft. 

INTEGRATION  TIMES 

Integration  times  depend  mainly  on  frequency,  maximum  range  and  environmental  parameters. 
The  dependence  of  integration  times  on  domain  size  is  roughly  linear  on  maximum  range,  and 
logarithmic  on  maximum  height,  while  the  dependence  on  frequency  is  approximately  linear. 
The  main  environmental  constraints  are  the  height  of  trapping  layers  and  the  maximum  terrain 
height.  The  influence  of  antenna  pattern  is  negligible,  and  with  the  new  incoming  energy 
models,  antenna  height  is  not  a  major  concern.  The  use  of  the  mixed  transform  for  roughness  or 
vertical  polarisation  modelling  adds  an  overhead  of  roughly  50%  to  the  VPE  computation  time. 
Table  1  gives  typical  integration  times  on  a  100  MHz  Pentium  desktop  computer. 


Table  1 :  Typical  TERPEM  integration  times 


Freq 

Environment 

Time 

3  GHz 

80ft 

lOOnmi 

5000ft 

evaporation  duct 
oversea 

4s 

10  GHz 

80 1 

lOOnmi 

5000ft 

evaporation  duct 
oversea 

10s 

3  GHz 

80ft 

150nmi 

5000ft 

surface  duct 
coastal  terrain 

30s 

10  GHz 

80ft 

150nmi 

5000ft 

surface  duct 
coastal  terrain 

Imin 

3  GHz 

30000ft 

250nmi 

30000ft 

multiple  ducts 
mountains 

5min 

10  GHz 

3000ft 

150nmi 

5000ft 

elevated  duct 

oversea 

2min 

CONCLUSIONS 

The  hybrid  models  described  above  provide  a  robust  and  fast  solution  for  EEMS  requirements, 
giving  accurate  propagation  assessment  including  terrain  and  refractive  effects  for  both  surface 
and  airborne  antennas.  Current  work  focuses  on  the  rigorous  treatment  of  finite  impedance  and 
rough  surfaces  with  generalised  impedance  techniques,  and  on  the  modelling  of  clutter. 
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Figure  1 .  TERPEM  structure 


Figure  2.  Overview  of  TERPEM  interface 
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Figure  7.  Airborne  X-band  antenna  calculation  with  incoming  energy  PE. 
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Figure  8.  Airborne  S-band  antenna  calculation  with  incoming  energy  PE. 
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Blue-Water  EEMS  -  TDRSS 


Michelle  Williams  and  Adesola  Ayooia 
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SUMMARY 

The  Environmental  Electromagnetic  Modelling 
System  (EEMS)  package  is  being  developed  in  two 
stages.  EEMS  vl.O,  colloquially  called  Blue-Water 
EEMS,  is  intended  to  provide  the  Royal  Navy  with 
an  interim  capability  prior  to  the  introduction  of 
the  new  Command  Support  System  (CSS).  Blue- 
Water  EEMS  is  a  direct  replacement  for  the 
existing  Integrated  Refractive  Effects  Prediction 
System  (IREPS)  package  and  does  not  incorporate 
terrain  handling  in  its  calculations. 

Blue-Water  EEMS  consists  of  the  radar 
propagation  model  TERrain  Parabolic  Equation 
Model  (TERPEM)  and  the  Target  Detection 
Range  Software  Suite  (TDRSS).  The  TERPEM 
module  will  support  the  production  of  the  path-loss 
coverage  diagrams  and  will  be  the  primary  input 
into  TDRSS.  The  TDRSS  module  will  then 
calculate  the  radar  performance  and  susceptibility 
to  detection  of  a  specific  threat  using  the  radar 
receiver  and  operator  characteristics. 


INTRODUCTION 

TDRSS  investigates  the  performance  of  radar 
systems  in  detecting  incoming  targets  and 
generates  tactically  useful  information.  The  targets 
are  assumed  to  be  approaching  the  radar  directly  in 
a  straight  path,  flying  towards  or  away  from  the 
radar  antenna.  The  model  predicts  the  detection 
ranges  of  airborne  targets  by  airborne  and 
shipbome  surveillance  radars  in  the  prevailing 
refractivity  regime. 

The  primary  objectives  when  designing  TDRSS 
were  to  construct  representations  of,  and  determine 
the  effects  of,  the  following  aspects  of  the  target 
detection  and  identification  process: 

•  radar  antenna  rotation  rate; 

•  target  closing  speed; 

•  radar  system  detection  logic; 

•  radar  operator  performance; 

•  radar  screen  range  settings. 


INPUTS 

Two  prototype  packages:  PREdicted  Detection 
Ranges  of  Airborne  Targets  in  Operational 
Regimes  (PREDATOR)  and  the  Predator  Radar 
Model  (PRAM),  both  developed  in-house  by  MWC 
(OAD),  form  the  TDRSS  module  of  EEMS.  The 
following  are  inputs  into  TDRSS: 

Radar  type  -  A  high  level  description  of  the  radar 
system  detailing  the  radar  system  transmission 
characteristics. 

Environment  -  details  electromagnetic  propagation 
in  specific  environments.  This  information  comes 
from  the  TERPEM  model  as  a  file  containing  a  set 
of  path-loss  against  range  values  for  a  target  height 
profile  in  the  prevailing  refractivity  environment. 

Target  height  -  is  used  to  select  the  appropriate 
path-loss  vs  range  table  from  the  TERPEM  output 
file.  It  will  be  expanded  to  provide  a  full  height  vs 
range  profile  of  the  target  during  its  flight. 

Target  RCS  -  based  on  the  RCS  value  given  in  m‘. 

Target  Closing  Speed  -  is  the  actual  closing  speed 
between  the  radar  platform  and  target. 

System  Performance  (Sp)  -  defines  the  ‘Blip-scan’ 
relationship  that  characterises  the  valid  contact 
criteria.  Typically  there  will  need  to  be  a  number 
of  returns  above  a  nominal  detection  threshold 
before  the  system  will  respond  to  a  valid  contact. 
In  a  number  of  warfare  areas  this  is  defined  by  the 
5  out  of  8  rule  i.e.  there  must  be  5  successful 
detections  in  a  gate  of  8  before  the  system  will 
respond  to  the  contact. 

Operator  Efficiency  (Oe)  -  defines  how  successful 
the  operator  is  at  responding  to  a  valid  contact  i.e. 
what  percentage  of  contacts  that  meet  Sp  the 
operator  responds  to  and  injects  as  a  contact  in  the 
tactical  command  system.  In  the  Hunt  Class 
MCMV  Oe  is  approximately  0.7  during  Weapon 
Practice  Assessment  (WPA)  trials. 
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Operator  Delay  (Oa)  -  defines  how  long  it  takes  for 
the  operator  to  inject  the  contact  (success  on  both 
Sp  and  Oe)  into  the  tactical  command  system.  In 
search  scenarios  where  closing  speeds  between 
ship  and  target  are  small  Od  has  little  significance 
on  calculating  the  target  to  ship  range  (TSR). 
However,  in  faster  moving  scenarios  where  closing 
rates  are  high  Od  can  become  significant. 

Radar  Range  Scale  -  is  the  radar  scale  setting  that 
is  used  in  a  realistic  scenario  and  is  user  defined.  If 
this  value  is  not  of  particular  importance,  setting  it 
to  a  veiy  large  figure  (e.g.  1000  nm)  will  in  effect 
remove  its  influence  on  the  modelled  scenario. 

AIO  inject  time  delay  -  The  Action  Information 
Organisation  time  delay  can  be  calculated  from 
empirical  sources  e.g.  time  measurements  during 
trials  or  standard  reaction  times  as  stated  in 
tactical  manuals. 

MODES  OF  OPERATION 

TDRSS  operates  in  two  modes:  In-Depth  and 
Snapshot  to  support  analytical  and  operational 
requirements  respectively.  In  Snapshot  mode  the 
user  will  have  reduced  capability  for  modifying 
datafiles  and  displaying  results. 

TDRSS  uses  the  radar  system  transmission 
characteristics  and  the  target  RCS  to  produce  path- 
loss  figures  covering  all  valid  Probability  of 
Detection  (PoD)  values.  The  following  sections 
outline  the  algorithms  used  in  calculating  the  path- 
loss  values  given  the  selected  mode  of  operation. 

SNAPSHOT 

To  derive  the  path-loss  values,  TDRSS  in  the 
Snapshot  mode  utilises  the  radar  equation  1  [King 
1989]  to  calculate  the  radar  free  space  detection 
range  (R^)  and  path-loss  over  the  distance  of  R^: 

4 

=  _ _ 

kToLBN 

Equation  1:  Radar  Equation 

where: 

R  =  radar  free-space  detection  range  in 
km 

Pt  =  peak  power  in  kW 


G  =  antenna  gain  in  dB  m^ 
a  =  target  RCS  in  m^ 

\  -  radar’s  transmitting  wavelength  in 

MHz 

(S/N)o  =  single  pulse  signal  to  noise  ratio 
required  for  detection 
N  =  receiver  noise  figure  in  MHz 

k  =  Boltzmann’s  constant 

(1.3807* 

To  =  ambient  temperature  (290K) 

L  =  assumed  system  losses 

Bn  =  l/i  =  noise  bandwidth  of  the  i.f  filter, 
taken  to  be  the  inverse  of  pulse 
length  i. 


The  single  pulse  signal-to-noise  ratio  (S/N)o  is 
dependent  on  the  required  probability  of  detection 
PoD,  the  probability  of  false  alarm  (PFA)  and  the 
target  fluctuation  model  (i.e.  Swerling  case).  For 
the  snapshot  mode  of  TDRSS,  all  targets  are 
fluctuating  i.e.  Swerling  case  1.  The  probability  of 
false  alarms  is  assumed  to  be  constant  at  10'®. 

In  the  Snapshot  mode  of  operation,  TDRSS  adopts 
the  IREPS  algorithm  for  calculating  path-loss. 

The  equivalent  one-way  path-loss  [Hattan  1989]  at 
free  space  range  is  calculated  using  equation  2. 

Loss  =  32.45 +  20 

Equation  2:  Path-loss  equation 

where: 

Rfs  =  radar  free-space  detection  range  in 
km 

fwHz  ==  radar  system  frequency  in 
megahertz 

IN-DEPTH 

The  In-Depth  mode  uses  the  Engineering 
Refractive  Prediction  System  (EREPS)  algorithms 
[Hattan  1989].  The  EREPS  algorithm  allows  the 
representation  of  non-fluctuating  and  slowly 
fluctuating  targets  (Swerling  case  0  and  1 
respectively). 

The  EREPS  algorithm  determines  the  radar  free- 
space  ranges  for  arbitraiy  radar  cross  sections  for 
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any  probability  of  detection  between  0.1  and  0.9, 
and  for  any  probability  of  false  alarm  between  10'^“ 
and  lO'"*.  The  corresponding  one-way  free-space 
path-loss  at  the  free-space  range  is  also  calculated. 

The  equation  used  in  the  calculation  of  radar  free- 
space  detection  range  is  given  below: 

Gt  ^  Pt  cr  r 

min  L 


Rfs  =58.0 


Equation  3:  Radar  free  space  equation 

where: 


Rf^ 


Pt 

Gt 

a 

T 

fuaz 

(S/N)^ 


Nf 

L 


maximum  radar  ffee-space 

detection  range  in  kilometres 

transmitted  power  in  kilowatts 

radar  antenna  power  gain  ratio 

target  RCS  in  m“ 

pulse  width  (or  length)  in 

microseconds 

radar  system  frequency  in 

megahertz 

minimum  signal  to  noise  ratio  for 
a  specified  probability  of  detection, 
probability  of  false  alarms,  and 
Swerling  case  0  or  1 
receiving  system  noise  figure 
assumed  system  losses  expressed 
as  a  ratio 


This  process  results  in  a  Rfs  path-loss  value  against 
PoD  table  for  given  RCS  values. 

METHOD 

With  the  reference  R^  path-loss  vs  PoD  table 
devised;  it  is  a  matter  of  pattern-matching  the 
path-loss  values  calculated  from  the  propagation 
module  with  those  in  the  reference  table  to  produce 
a  corresponding  probability  of  detection. 


planned  to  update  this  facility  to  take  into  account 
crossing  targets  (hence  varying  RCS)  and 
changing  heights. 


Figure  1:  Probability  vs  Range  Graph 

TDRSS  uses  the  PoD  against  range  to  investigate 
the  performance  of  radar  systems  in  detecting 
incoming  targets  and  generate  tactically  useful 
information  on  the  performance  of  a  chosen  radar 
system  in  particular  scenarios. 

The  TDRSS  model  is  based  upon  a  simple  model 
of  radar  performance:  blip-scan  theory.  This 
assumes  that  the  outcomes  of  successive  radar 
scans  are  independent.  It  also  defines  a  detection 
criteria  which  must  be  satisfied  before  a  target  can 
be  defined  as  a  valid  contact  [United  States  Naval 
Institute,  1977].  TDRSS  expands  on  the  blip-scan 
theory  by  including  factors  relating  to  operator 
efficiency  and  target  inject  delays. 

An  initial  expression  for  indicating  whether  or  not 
radar  target  correlation  has  occurred  based  on  the 
blip-scan  theory  can  be  characterised  by  equation 
4. 

Iz:, /('))-"■ 


This  process  is  repeated  for  each  path-loss  value. 
The  final  output  is  a  composite  PoD  vs  range  table 
which  may  be  displayed  as  the  graph  in  Figure  1. 
This  table  is  a  vital  data  requirement  used  in  the 
overall  identification  procedure.  In  the  generation 
of  the  PoD  against  range  table,  TDRSS  assumes 
that  all  targets  have  a  constant  RCS,  are  at  a 
constant  height  and  travel  on  a  radial  path.  It  is 


Equation  4:  Radar  Target  Correlation 
Expression 

where: 

s  =  number  of  stored  consecutive  scans  of 
the  radar  antenna 

d  =  number  of  detections  required  to 
correlate  a  target 
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f(i)  =  function  returns  1  if  target 

detection  occurred  on  scan  i,  0 
otherwise. 


In  order  to  determine  if  detection  has  occurred  at  a 
given  time,  the  following  information  is  required: 

•  the  range  from  the  target  to  the  radar; 

•  the  target  probability  of  detection  at  that  range: 

•  whether  or  not  the  radar  beam  is  sweeping  over 
the  target  i.e.  if  there  is  a  detection  opportunity. 

Determining  the  result  of  a  detection  opportunity  is 
formulated  in  equation  5. 

[(/  {rand)  <  PoD{rt)  a  / {illum)\ 

Equation  5:  Detection  opportunity  expression 

where: 

f(rand)  =  a  function  that  returns  a  randomly 
generated  value  in  a  range  0-1 
rt  =  range  from  the  radar  to  the  target 
PoD  =  probability  of  detection  of  the 
target  at  a  given  range 
f(illum)  =  a  function  indicating  whether  a 
target  is  being  illuminated  or  not. 

Combining  Equation  4  and  5  gives  the  following 
simple  radar  target  identification  expression: 

Id=  [i^U  ■^f{rand)  <  PoD{rt))  a  f{illwn)^  >  i/j 

Equation  6:  Identification  Expression 

The  function  f(rand)  is  required  to  provide  the 
model  with  a  means  of  performing  Monte  Carlo 
simulation  of  the  detection  scenario.  This 
expression  is  not  adequate  to  represent  the  entire 
identification  process.  It  must  also  take  into 
account  the  following: 

•  operator  efficiency; 

•  radar  range  scale; 

•  information  processing  delay; 

•  tactical  identification  range. 


Y^scale  >  rd)  a  (/WaoJ] 
Equation  7:  Recognition  of  Target 

Target  (inject  range)  =  {r.  -  {s^  *  delay)) 

Equation  8:  Target  range  at  inject  into  AID 

where: 

scale  =  the  maximum  radius  of  the  radar 
display  scale  range 

Td  =  the  range  at  which  the  target 
detection  has  been  fulfilled 
f(r)  =  function  returning  a  random 
variable  in  steps  of  0.001 
Oe  =  a  value  representing  operator 
efficiency  (between  0  and  1) 

Vi  =  the  range  at  which  the  target  has 
been  identified  by  the  operator 
St  =  the  speed  of  the  target 
delay  =  time  delay  between  target 

identification  and  inject  into  AIO 


The  process  of  calculating  the  range  at  which  a 
valid  inject  occurs  (inject  range),  and  the  target 
becomes  tactically  significant  is  repeated  a  number 
of  times  in  accordance  with  Monte  Carlo 
modelling  methods.  TDRSS  defaults  to  1000 
repetitions  for  scenario  modelling,  although  any 
user-defined  number  may  be  performed 

OUTPUT 

TDRSS  outputs  the  target  range  at  which  it  has 
determined  a  target  inject  would  taken  place.  The 
results  may  be  displayed  either  graphically  (in  the 
form  of  statistical  graphs)  or  in  pre-defined  tables 
of  values. 

The  cumulative  frequency  graph  produced  by 
TDRSS  will  aid  tactical  decision  makers  in  their 
analysis.  For  instance,  there  might  be  a 
requirement  to  determine  the  range  at  which  a 
particular  radar  system  will  detect  an  incoming 
missile  to  a  75%  confidence  level,  this  can  easily 
be  read  off  the  cumulative  frequency  graph.  Figure 
2  shows  the  cumulative  frequency  graph  produced 
by  TDRSS. 
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Figure  2:  Cumulative  Frequency  Graph 


TDRSS  also  provides  a  small  statistics  module  for 
analysis  of  the  results,  values  such  as  the  mean 
detection  range,  standard  deviation,  maxima  and 
minima  can  be  determined  (Figure  3).  The  results 
generated  by  TDRSS  provide  the  capability  for 
mission  planning  and/or  front-line  battle 
management  that  requires  rapid  responses  to  a 
constantly  changing  scenario. 


Figure  3:  TDRSS  Results  Summary 

The  TDRSS  concept  performs  best  when 
considering  radar  system  performance  against  very 
fast  moving  targets  of  small  radar  cross  section.  In 
these  scenarios  target  speed,  radar  antenna  rotation 
rate  and  operator  performance  become  the 
dominant  factors  in  determining  the  scenario 
outcome. 

Traditional  predictive  models  have  not  considered 
such  scenarios  in  sufficient  depth  to  provide  such 
comprehensive  results.  From  the  implementation 
of  TDRSS,  the  RN  can  evaluate  whether  the  50% 
PoD  is  the  most  tactically  useful  reference  to  use 


and  consider  whether  a  different  PoD  may  provide 
a  greater  confidence  limit. 

FUTURE  DEVELOPMENTS 

Future  developments  include  modifying  the 
TDRSS  module  to  handle  crossing  targets. 

Although  Blue- Water  EEMS  is  capable  of 
calculating  EM  wave  propagation  over  terrain,  this 
functionality  will  not  become  effective  until  the 
integration  of  the  Terrain  Handling  utility  in  the 
next  stage  of  EEMS  development. 

The  IT  Implementation  of  EEMS  (v2.0)  will 
consist  of:  TERPEM;  TDRSS;  Terrain  handling 
(THEEMS);  High  Frequency  (HF  EEMS)  and  an 
Electro-Optical  (EO)  tactical  decision  aid. 

CONCLUSION 

The  IT  implementation  for  Blue-Water  EEMS 
(vl.O)  is  near  completion  and  following  further 
evaluation  will  be  used  operationally  in  Jan  97. 

EEMS  (v2.0)  is  currently  in  the  planning  stage. 
Delivery  for  operational  use  is  expected  end  of 
1997. 
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INTRODUCTION 

The  present  day  UK  Royal  Navy  has  an  operational 
shortfall  in  the  ability  to  determine  the  extent  of  its 
HF  coverage  from  a  single  transmitter.  It  currently 
relies  on  HF  prediction  packages,  primarily 
developed  for  Army  anteimae,  that  prescribe  the 
optimum  working  frequency  for  a  signal 
propagating  between  two  points. 

Work  is  being  undertaken  at  the  Maritime  Warfare 
Centre  (Gosport),  supported  by  the  UK  Defence 
Research  Agency  Tactical  Communications 
Department  at  Malvern,  to  develop  a  package  that 
will  enable  the  operator  to  assess  the  optimum 
working  frequencies.  The  functionality  will  include 
an  overlay  routine  outlining  the  extent  of  coverage 
within  the  geographical  battlespace.  Other  benefits 
can  be  obtained  from  the  package  by  assessing  the 
risk  of  hostile  interception  in  addition  to  supporting 
Electronic  Support  Methodologies. 

This  paper  outlines  the  development  work  being 
undertaken  to  provide  the  Environmental 
Electromagnetic  Modelling  System  (EEMS)  HF 
module.  The  potential  concepts  of  operational  use 
are  discussed  along  with  future  developments  of 
the  system. 

THE  REQUIREMENT 

The  primary  aim  for  a  HF  propagation  prediction 
system  is  for  timely  and  accurate  predictions  to 
support  tactical  exploitation  of  RN  communications 
equipment.  It  should  also  be  hosted  on  a  system  for 
eventual  incorporation  into  the  RN  EEMS  Project 
[Moore  and  Lewis,  1994J. 

BACKGROUND  AND  EXISTING  HF 
PLANNING  AIDS 

""There  is  currently  no  HF  prediction  tool 
covering  both  Skywave  and  Groundwave  available 
to  the  tactical  commander  to  assist  with  either 


HF/DF  or  countersurveillance'" [Moore  and  Lynch 
1996].  However,  there  are  software  packages, 
paper  documents  and  equipment  available  to  the 
RN  to  assist  in  the  planning  of  HF  frequencies, 
such  as  the  GEC  Marconi  Orange  Book,  MICROPS 
II,  NAVMUF  Program  and  the  oblique 
CHIRPSOUNDER  Equipment. 

To  assist  the  user  in  initialising  the  different 
software  programs,  a  daily  Short  Term  Ionospheric 
Forecast  (STIF)  is  produced  as  an  input  to  the 
program  to  determine  the  nature  of  the  ionosphere 
(e.g.  SSN,  10.7  flux).  The  following  is  a 
description  of  the  models  available. 

MICROPS  II 

MICROPS  II,  based  on  the  CCIR  recommendation 
model  REC533,  only  considers  the  Skywave 
element.  The  software  operator  and  paper 
documents  require  detailed  knowledge  of  the 
antennae  and  the  power  levels  that  are  to  be  used 
for  the  transmissions.  The  outputs  given  by  the 
program  are  a  series  of  charts  that  detail  the 
Maximum  Useable  Frequency  (MUF),  Lowest 
Useable  Frequency  (LUF)  and  the  Frequency  of 
Optimum  Transmission  (FOT)  for  a  particular 
transmission.  Within  these  charts,  the  program 
highlights  which  of  the  specified  frequencies  are 
likely  to  support  the  propagation  over  a  given  path. 
The  groundwave  component  of  the  signal  is  not 
calculated.  Following  the  release  of  the  GEC- 
MARCONI  Orange  Book  software,  MICROPS  II  is 
no  longer  used. 

GEC  Marconi  Orange  Book 

Originally  issued  to  the  FLEET  in  a  hardcopy 
format,  this  package  is  now  issued  on  an  annual 
basis  on  a  3.5”  floppy  diskette.  The  orange  book 
software,  based  on  the  CCIR  REC894  Skywave 
prediction  package,  calculates  the  predictions  for 
both  Skywave  and  Groundwave  propagation  and  is 
originally  designed  for  applications  using  Army 
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antennae.  The  program  is  executed  in  the  DOS 
environment  of  a  PC. 

The  use  of  navy  antennae  has  not  been  fiilly 
implemented.  Assumptions,  therefore,  have  to  be 
made  for  RN  transmitter  and  receiver  antenna 
parameters.  The  results  are  based  on  two  outputs; 
Signal-to-Noise  Ratio  Graphs  and  Frequency 
Tables. 

Signal-to-Noise  Ratio  Graphs 

These  graphs  show  the  frequencies  which  will 
support  propagation  on  the  circuit  at  each  time  of 
the  day.  Each  graph  depends  on  the  particular 
sunspot  activity,  season  and  equipment  parameters 
that  are  chosen  from  the  list  of  input  parameters.  In 
general,  the  highest  frequency  envelope  is 
governed  by  the  state  of  the  ionosphere  whereas  the 
lowest  frequency  envelope  is  more  sensitive  to  the 
type  of  equipment  that  is  used  eg.  radiated  power, 
antenna  choice,  modulation  type,  etc. 

Frequency  Tables 

This  table  shows  the  lowest,  recommended  and 
highest  frequencies  that  will  achieve  the  required 
grade  of  service  for  the  particular  equipment  and 
modulation  type  chosen  for  each  2  hourly  segment 
of  the  day.  These  minimum  and  maximum 
frequencies  correspond  to  LUF  and  MUF 
envelopes  shown  in  the  signal-to-noise  ratio 
graphs. 

It  is  not  possible  to  configure  the  software 
according  to  the  communications  plan  inputs  and 
equipment  onboard  the  surface  vessel.  As  a 
consequence,  the  results  may  be  of  little  use  to  the 
operator. 

There  is  a  groundwave  option  built  into  the 
software  for  the  Orange  Book  program.  It  is  not 
possible  to  display  the  results  for  the  groundwave 
simultaneously  with  the  skywave  results. 

NAVMUF  Program 

The  Naval  Maximum  Useable  Frequency 
(NAVMUF)  program  enables  the  HF  path  length, 
the  MUF  and  FOT  between  two  stations  to  be 
calculated.  There  are  the  usual  parameter  inputs 
comprising  the  Latitude  and  Longitude  positions 
of  the  transmitter  and  receiver  sites  and  the  date 


and  time  of  day  for  the  transmission  as  is  common 
with  all  HF  prediction  programs.  The  results  are  a 
hard  copy  printout  detailing  the  MUF  and  the  FOT 
at  hourly  intervals  for  the  required  period  and  are 
based  on  the  Skywave  component.  No  indication  as 
to  the  extent  of  the  Groundwave  is  given. 

CHIRPSOUNDER 

A  Chirpsounder  system  can  simultaneously  provide 
path  sounding  and  frequency  occupancy 
monitoring  as  an  aid  to  ‘real-time’  HF  frequency 
management.  The  Chirpsounder  measures  the 
propagation  conditions  in  the  HF  band  between  a 
low  power  transmitter  and  a  receiving  station. 
Displays  at  a  receiving  station  enable  the  operator 
to  select  the  most  suitable  channel.  Additional 
equipment  details  the  current  channel  occupancy 
and  those  available  for  use. 

The  shore  transmitters  radiate  continuously  and 
may  be  used  by  ships  to  predict  the  best  frequency 
range  for  use  on  HF  Ship/Shore,  Broadcast  and 
Maritime  Rear  Link  (MRL)  services.  The  system 
provides  the  user  with  frequency  information  that 
will  reach  the  receiver  site  (e.g.  the  Barry  RCS5 
gives  the  integrated  power  for  all  transmission 
delays).  This  is  not  always  the  most  tactically 
useful  frequency  as  no  consideration  is  given  to 
where  the  transmission  propagates. 

Idealised  HF  Decision  Aid 

An  assessment  of  the  current  HF  prediction  tools 
available  has  been  carried  out  with  a  view  to 
selecting  the  most  appropriate  software  that 
achieves  the  majority  of  die  requirements  outlined 
earlier.  A  HF  decision  aid  system  [Shukla  and 
Cannon,  1994]  should  ideally  comprise  of  three 
elements;  an  information  gathering  and  distribution 
system;  a  jamming  and  interception  model  and  a 
communications  system  interface. 

The  displays  afforded  by  the  decision  aid  are  the 
key  to  the  success  of  such  a  system.  For  operational 
use,  the  user  does  not  wish  to  be  presented  with 
endless  pages  of  text.  It  is  considered  that  the  most 
tactically  useful  display  is  that  of  a  map  detailing 
the  area  of  interest  with  the  coverage  of  the 
transmission  superimposed. 
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HF  Decision  Aid 

A  HF  decision  aid  (The  Jamming  and  Intercept 
Vulnerability  Estimator  (JIVE))  was  originally 
devised  by  the  Defence  Research  Agency  at 
Malvern  under  the  19g  programme  in  support  of 
RAF  requirements.  This  decision  aid  calculates 
both  the  skywave  and  the  groundwave  coverage 
[Shukla  and  Cannon,  1994]. 

In  general,  the  function  of  the  decision  aid  may  best 
be  defined  as  “an  automated  decision  aid  to 
predict,  using  near  real-time  environmental  and 
systems  information,  those  communications 
parameters  (e,g.  frequency,  power,  receiver  station 
location)  which  minimise  communications 
vulnerability^\  [Shukla  and  Cannon,  1995] 


consequence,  the  JIVE  system  was  not  fully 
compatible  with  MS  WINDOWS.  With  the  primary 
aim  of  the  HF  EEMS  system  being  for 
incorporation  into  a  WINDOWS-based  package,  it 
became  apparent  that  major  user-interface 
alterations  had  to  be  made  to  the  JIVE  software. 

The  HF  module  of  the  EEMS  software  is  designed 
to  operate  using  a  two-tier  operating  procedure;  the 
operator  mode  and  the  expert  mode.  All  the 
functionality  that  is  present  in  the  operator  mode 
will  be  present  in  the  expert  mode  with  the 
additional  editors  that  are  required  to  update  the 
databases  held  within  the  system. 

Input  Parameters 


The  difference  between  the  DRA  decision  aid  and 
other  HF  propagation  models  is  that  the  decision 
aid  incorporates  a  Jamming  and  Interception  Model 
(JIM).  The  JIM  allows  the  user  to  input  information 
relating  to  hostile  and  friendly  forces  (e.g.  hostile 
locations  from  intelligence  gathering  units). 
Electronic  Support  Measures  (ESM)  and  Electronic 
Protective  Measures  (EPM)  in  addition  to 
environmental  data.  The  ionospheric  model 
currently  used  comes  from  the  conventional  HF 
systems  prediction  program  REC533A.  [CCIR, 
1994]  The  Groimdwave  component  of  the  JIVE 
system  is  based  on  the  commercial  GR-WAVE 
prediction  package  [CCIR,  1994]  The  system  is 
described  in  more  detail  by  Shukla  et  al  [1996]. 


The  ergonomics  of  an  operational  package  to  be 
used  at  sea  by  the  RN  is  paramount  to  the  success 
of  the  software.  With  this  in  mind,  the  HF  EEMS 
development  has  concentrated  on  the  Graphical 
User  Interface  (GUI)  to  minimise  the  operations 
required  and  reduce  the  specialist  information 
required  to  operate  the  system  successfully. 

The  main  control  screen  that  the  user  encounters  is 
a  scenario  editor  based  on  the  antennae  at  the 
transmitter,  the  friendly  receivers  and  the  hostile 
receivers.  The  power  output  is  initialised  and  the 
communications  plan  that  the  ship  is  operating  to  is 
initialised.  This  initialisation  screen  is  shown  at 
figure  1, 


REC533A  employs  a  median  model  ionosphere 
during  its  calculations  and,  as  such,  has  been 
acknowledged  by  the  CCIR  and  ITU  as  being  of 
sufficient  accuracy  to  be  used  for  propagation 
prediction  software.  This  acknowledgement, 
together  with  the  knowledge  that  the  precursor  to 
REC533A,  REC894  (also  using  a  median  model 
ionosphere),  has  been  used  operationally  by  the 
RN  (MICROPS  II),  will  alleviate  the  need  for  the 
RN  to  conduct  evaluation  trials  on  the  propagation 
software. 


HF  EEMS 

HF  EEMS  has  been  designed  using  the  empirical 
version  of  the  JIVE  system.  This  was  originally 
developed  in  the  DOS  environment,  relying  on  the 
memory  allocation  utilities  within  this  setup.  As  a 
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Figure  1:  HF  EEMS  Parameter  Input 

On  initialisation  of  the  package,  the  sunspot 
number  for  predictions  is  read  from  a  file,  with 
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SSN  predictions  obtained  from  NCCOSC  or  other 
world  data  centres.  The  current  time  of  the  PC  is 
also  used  to  produce  HF  coverage  predictions  for 
the  current  time  of  day.  The  user  is  able  to  alter 
these  inputs  in  order  to  produce  coverage 
prediction  for  any  time  of  year,  thereby  enabling 
the  package  to  be  used  for  future  planning  of 
exercises. 


The  groundwave  editor  is  located  in  the 
environment  editor  screen.  This  allows  the  user  to 
select  the  most  appropriate  ground  type  that  is  at 
the  transmitter  location.  Currently,  the  package 
defaults  to  the  Sea  option  owing  to  the  main  user 
being  the  at-sea  communicator.  It  must  be  stressed 
that  the  results  produced  from  the  groxmdwave 
calculations  are  a  crude  representation.  The 
package  does  not  take  into  account  the  differences 
in  the  ground  type  as  the  signal  propagates  from  its 
transmit  site  to  the  receive  site.  As  a  result  of  the 
EEMS  system  having  a  resident  geographical 
information  system  (GIS),  future  improvements  to 
the  package  will  enable  HF  EEMS  to  access  the 
groundtype  cover  for  assessment  of  any 
groundwave  attenuation. 

The  user  is  able  to  select  the  transmitter  and 
receiver  sites  from  a  database  within  the  program. 
If  any  of  the  transceivers  are  mobile  the  location  of 
the  antenna  can  be  inserted  manually,  either  from 
its  Latitude  and  Longitude  co-ordinates  or  from  a 
location  on  a  map  of  the  area.  The  eventual  host  for 
EEMS  will  be  the  RN’s  Command  Support  System 
(CSS),  which  will  enable  the  locations  of  all  mobile 
sites  to  be  inserted  automatically  from  the  GPS 
systems  and  General  Operations  Plot  (GOP)  located 
in  the  Ship’s  operations  room.  Any  new  receive 


sites  can  be  inserted  into  the  package  from  the  site 
editor  as  described.  The  edit  function  for  the 
transmitter  and  receiver  sites  can  be  accessed  from 
the  operator  mode  by  clicking  on  the  station  in  the 
selection  box.  This  same  method  can  be  used  in  the 
expert  mode,  with  an  additional  editor  for  updating 
the  database  of  stations. 


Figure  3:  Station  Editor  Input  Screen 


The  other  parameter  inputs  that  are  required  from 
the  package  are  the  development  of  the  frequency 
communications  plans.  These  will  be  created  before 
a  ship  deploys  on  an  exercise  or  an  operation.  The 
capabilities  are  only  available  in  the  expert  mode  of 
the  software.  The  communications  plan  comprises  a 
list  of  frequencies  that  are  available  to  the  ship  at 
any  given  period  of  time.  These  are  normally 
promulgated  to  the  ships  before  an  exercise  or  an 
operation  takes  place.  An  example  of  the 
communications  plan  editor  is  given  at  figure  4: 
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Figure  4:  Communications  Plan  Editor 
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Also  available  in  the  expert  mode  is  the  ability  to 
create  new  transceiver  sites.  The  current  version  of 
the  propagation  tool  bases  all  its  predictions  on  an 
isotropic  commercial  aerial.  This  is  a  simple 
representation  of  the  RN  transmitters,  however 
further  development  is  anticipated  to  include  aerials 
specific  to  ship  and  shore  bases.  The  information 
that  is  required  from  the  station  editor  is  shown  at 
figure  5. 
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Figure  5:  Station  Editor 

Database  Population 

Prior  to  deployment  on  an  exercise  or  operation,  it 
is  necessary  to  populate  the  station  and 
communications  plan  databases.  This  will  be 
carried  out  in  the  operator  mode.  However,  the  aim 
of  the  EEMS  system  is  to  work  in  conjunction  with 
the  Royal  Navy’s  FLEET  Data  Management  Unit 
(FDMU)  which  provides  all  relevant  data  for  each 
of  the  ships’  systems.  It  is  anticipated  that  the 
FDMU  will  hold  station  information  for  populating 
the  HF  EEMS  module. 

Display  Modules 

The  powerful  functionality  of  the  HF  module  for 
EEMS  is  concentrated  in  its  display  utilities.  The 
majority  of  current  day  HF  propagation  prediction 
systems  are  either  based  on  the  skywave 
component  or  the  groundwave  component  of  the 
signal.  HF  EEMS  allows  for  both  components  of 
the  wave  to  be  displayed  simultaneously. 

Coverage  map  displays  can  also  be  varied 
according  to  the  requirements  of  the  user.  This  can 
range  from  the  simple  dB  pathless  of  the  signal  to 
the  signal  to  noise  strength  ratio  for  any  part  of  the 
Area  of  Interest  (AOI). 


This  aspect  of  coverage  mapping  is  of  great 
advantage  to  the  tactical  communicator.  The 
coverage  displays  that  are  calculated  detail  a  single 
frequency  from  a  selection  of  those  frequencies  of 
interest  to  the  user;  eg  the  communications  plan. 
The  coverage  displays  allow  the  user  to  analyse 
multiple  skips  occurring  with  the  skywave  element 
of  the  transmission. 

The  output  screens  are  controlled  from  a  single 
controller.  This  control  unit  remains  the  same  for 
both  the  expert  and  the  operator  modes  with 
additional  functionality  available  to  the  expert  user. 
Essentially,  there  are  two  parts  to  the  control  panel 
for  the  display  section;  the  coverage  plots  and  the 
frequency  plots. 


Figure  6:  HF-EEMS  Display  Controller 

It  is  the  former  of  the  two  types  that  demonstrates 
the  improved  capability  of  the  idealised  HF 
propagation  system.  There  are  two  types  of 
displays  that  can  be  obtained  from  this  section. 
These  detail  the  Signal  Power  level,  in  relation  to 
the  distance  that  the  signal  has  propagated,  and  the 
Signal-to-noise  ratio  signal  coverage. 

The  Signal  Power  display  diagram  has  been 
modified  for  the  operator;  the  power  level  of  the 
signal  is  represented  by  a  scale  of  1  to  10,  with  10 
being  the  strongest  signal  strength.  It  is  intended 
that  the  expert  user  will  have  the  option  to  display 
the  power  displays  as  a  function  of  dBs. 
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Figure  7:  HF  EEMS  Power  Level  Display 


The  second  graphical  output  for  the  mapping 
system  details  the  signal  to  noise  ratio  of  the  signal 
at  a  particular  site.  This,  tactically,  is  more  useful 
than  the  former  display.  The  ambient  background 
noise  levels  are  taken  into  account,  thereby 
requiring  a  greater  sensitivity  in  the  receive 
equipment  to  potentially  intercept  a  stray  signal. 

It  can  be  noted  that  the  coverage  differences  are 
apparent  between  figures  7  and  8.  The  additional 
benefit  of  the  SNR  plot  highlights  the  significant 
effects  of  the  background  noise  levels  around  the 
area  of  interest. 


maps  with  the  transmission  coverage  overlaid.  This 
coverage  can  be  a  combination  of  both  the  skywave 
and  the  groundwave  elements  of  a  HF  transmission, 
or  the  user  can  display  a  single  component. 

The  groundwave  component  of  the  transmission 
can  also  be  calculated  and  the  coverage  plotted 
onto  the  map  of  the  AOI.  This  facility  will  enable 
the  user  to  determine  those  jfrequencies  that  are 
more  conducive  for  tactical  communications  within 
a  task  group. 


Figure  9:  Groundwave  Coverage  Plot 


The  second  component  of  the  Display  Controller 
concentrates  on  the  traditional  HF  prediction  plots. 
There  is,  however,  additional  functionality  to  this 
section  in  the  guise  of  information  relating  to  the 
hostile  intercept  sites  (HIS).  The  traditional  MUF 
and  LUF  plots  are  detailed  in  the  chart  shown  at 
figure  10.  There  are  additional  curves  detailing  the 
MUF  for  the  hostile  receivers.  At  the  top  of  the 
graph  denotes  which  of  the  friendly  receivers  is  the 
most  secure  station  between  the  UT  hours.  If  there 
were  more  than  one  friendly  station,  this  graph 
would  denote  the  composite  operational 
MUF. 


Figure  8:  SNR  Display  Screen 

The  groundwave  component  of  the  signal  is  shown 
in  both  the  Power  and  SNR  displays  as  concentric 
circles  based  around  the  transmitter  site. 

There  are  a  variety  of  outputs  that  can  be  obtained 
from  the  JIVE  system.  These  range  from  the  typical 
FOT/MUF  diurnal  plots  that  are  given  in  the 
standard  HF  prediction  programs  to  the  displays  of 
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Figure  10:  A  24  hour  MUF  prediction  graph 

Other  displays  that  can  be  obtained  from  the 
display  controller  denotes  a  24  hour  minimum 
interception  frequency  schedule.  This  is  a  colour 
coded  schedule  which  recommends  frequency 
ranges  and  the  optimxim  friendly  receiver  stations 
that  should  be  used  to  minimise  interception.  The 
hostiles  are  listed  with  the  highest  friend-to-hostile 
operational  MUF  first.  Hostiles  predicted  to  receive 
the  signal  are  indicated  by  an  asterisk.  If  all  hostiles 
intercept  the  signal,  then  no  frequency  range  is 
approved  and  a  blank  line  is  displayed.  It  should  be 
noted  that  signal  interception  by  at  least  three 
hostiles  is  required  for  accurate  position  fixing 


Frequencg  Table 

FI  FRSTnOWl 


I  _ lOOQr-i  Oct  1996 _ !'  1 

Figure  11:  A  24  hour  minimum  interception 
frequency  schedule 

FUTURE  DEVELOPMENTS 

Although  the  future  development  of  the  HF  EEMS 
module  has  been  described  by  Shukla  et  al  [1996], 


the  main  points  affecting  the  future  use  of  EEMS 
are  outlined  as  follows: 

There  are  plans  to  incorporate  a  pseudo  sun  spot 
number,  calculated  from  updated  results  using  the 
onboard  Chirpsounder  equipment.  This  will 
provide  an  improvement  in  the  MUF  that  are 
calculated.  Plans  are  also  underway  to  make  more 
use  of  the  LUF  in  the  decision  making  routines  of 
the  package.  Other  plans  include  an  improved 
antenna  model  developer.  This  will  allow  the 
package  to  be  ported  across  to  other  users  in  the 
military  field,  where  different  antennae  are  used  for 
HF  communications. 

CONCLUSIONS 

The  current  HF  propagation  packages  that  are 
available  to  FLEET  do  not  meet  the  specified 
requirements.  None  of  the  packages  assists  the  user 
in  selecting  the  LRI/LPI  frequencies  from  the 
communications  plan.  Chirpsounder  equipment 
enables  the  user  to  establish  a  propagation  path  for 
effective  transmission.  It  does  not  calculate 
LRI/LPI  frequencies. 

The  benefits  to  the  RN  in  using  the  HF  EEMS 
system  encompass  more  than  simple  HF  frequency 
management.  With  the  ability  to  plot  hostile  and 
friendly  locations,  the  coverage  obtained  from  a 
transmission  can  be  controlled.  The  facility  to  input 
receiver  sensitivities  into  the  model  may  provide 
the  Electronic  Warfare  (EW)  and  Intelligence 
Community  with  possible  counter  detection  and 
CESM  benefits. 

It  can  be  seen  that  different  interpretations  of 
results  obtained  from  HF  prediction  programs  can 
alter  the  use  of  the  tools  altogether.  Before  the 
implementation  of  the  HF  EEMS  package,  the  RN 
were  in  no  position  to  determine  the  extent  of 
coverage  that  their  HF  signals  were  achieving.  It  is 
now  possible  to  have  greater  control  on  the 
management  of  HF  circuits  and  a  revised 
methodology  for  achieving  a  secure  HF 
propagation  path. 
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Introduction 

Beyond  line  of  sight  (BLOS)  conummications  systems,  operating  within  the  high  frequency  (HF)  range 
(2-30  MHz),  propagate  electromagnetic  waves  via  the  ionisation  present  in  the  upper  atmosphere  (i.e. 
the  ionosphere).  The  ionosphere,  usually  considered  to  lie  between  heights  of  ~60  and  1000  km,  varies  in 
structure  over  the  earth’s  surface.  The  vertical  ionisation  concentration  (which  historically  has  been 
divided  into  three  regions,  D,  E  and  F)  varies  over  orders  of  magnitude  and  depends  on  time  of  day, 
season,  and  sunspot  number.  From  a  HF  communications  aspect,  the  E  and  F  regions  essentially  act  as 
reflectors  whilst  the  D  region  acts  as  an  attenuator. 

To  exploit  the  time  and  spatially  varying  ionosphere  for  high  'quality'  and  high  'reliability'  HF 
communications  links,  the  HF  system  signal  power,  operating  frequency,  antenna,  modulation,  and  data- 
rate  etc.,  should  be  matched  to  the  prevailing  ionospheric  conditions.  Some  manual  matching  is 
currently  performed  by  HF  operators  using  daily  frequency  schedules  based  on  the  maximum  usable 
frequencies  (MUF).  These  frequencies  can  be  anticipated  using  HF  prediction  programs  such  as  REC533A 
[CCJR,  1994]  and  lONCAP  [Teters  et  al,  1983].  Alternatively  the  frequencies  may  be  measured  in  near 
real-time  using  oblique  chirp  ionosondes  [Barry  et  al,  1969,  Arthur  et  al,  1994],  or  simply  estimated 
based  on  HF  operators  experience  and  expertise. 

The  communications  matching  process  currently  performed  is  limited,  time  intensive  and  often  requires 
an  experienced  HF  operator.  Frequently  it  results  in  the  selection  of  sub-optimal  system  configurations 
(e.g.  incorrect  frequency,  insufficient  transmitter  power).  To  overcome  these  drawbacks  automatic  link 
establishment  (ALE)  systems  have  been  developed.  The  next  generation  of  HF  communications  system 
may  incorporate  an  improved  version  of  ALE  known  as  Automated  Radio  Control  Systems  (ARCS  Arthur 
and  Maundrell,  1994).  ARCS  will  match  a  number  of  system  parameters  (e.g.  data  rate,  modulation, 
optimum  receiver  station  as  well  as  frequency  and  power)  and  requirements  to  the  prevailing  measured 
ionospheric  conditions.  Both  manual  and  automated  matching  techniques,  however,  are  primarily 
concerned  with  maximising  link  ’reliability’  and  'quality'.  Little  attention  is  given  to  the  Electronic 
Protective  Measures  (EPM)  required  to  minimise  the  jamming,  interception  and  direction  finding 
vulnerability  of  the  communications  link  about  to  be  established. 

EPM  procedures  employed  by  HF  systems  are  currently  based  on  techniques,  such  as  spread  spectrum, 
cryptography,  and  antenna  nulling.  Unfortunately,  these  techniques,  may  still  propagate 
electromagnetic  energy  to  unwanted  or  imauthorised  receivers  causing  interference  or  resulting  in  the 
transmission  of  intelligence.  There  is,  however,  an  alternative  technique.  This  technique  is  based  on  the 
tactical  use  of  si^al  propagation  [Argo  and  Rothmuller,  1979,  Goodman  et  al,  1982,  Shukla  and  Cannon, 
1992]  and  exploits  detailed  knowledge  of  the  ionosphere  and  ray-tracing  techniques  to  minimise  the 
signal  coverage  and  thereby  deny  vmauthorised  access  to  the  radiated  electromagnetic  energy.  The 
technique  could  be  used  either  in  isolation  or  in  conjxmction  with  other  EPM  approaches  such  as  anteima 
nuEing  and  spread  spectrum  techniques. 

This  paper  describes  the  tactical  propagation  technique  via  the  development  of  an  HF  decision  aid. 
This  decision  aid  uses  an  ionospheric  environmental  model  in  conjunction  with  a  communications  model 
to  predict  both  the  interception  and  jamming  vulnerability  of  required  HF  links.  Based  on  the  model 
ou^uts,  the  decision  aid  recommends  system  configiuations  (e.g.  best  frequency,  best  groimd  station,  best 
transmission  time)  which  miiumise  system  vulnerability.  The  tactical  decision  aid  can  be  used  by  HF 
operators  in  near  real-time,  as  an  additional  component  in  other  electromagnetic  modeUing  systems  (e.g. 
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EEMS  [Moore  and  Lewis,  1994])  or,  off-line  during  mission  planning  to  predict  and  configure  the  least 
vulnerable  HE  communications  links.  The  decision  aid  could  also  be  used  to  automatically  configure 
current  HF  equipment.  This  latter  approach  is  particularly  powerful  when  used  in  conjunction  with 
ARCS  [Arthur  and  Maundrell  1994]  based  systems  with  the  decision  aid  contributing  to  the  automatic 
channel  selection  (ACS)  process. 

This  paper  first  outlines  the  general  concepts  of  an  HF  decision-aid.  A  decision-aid  currently  being 
developed  at  the  Defence  Research  Agency,  the  utility  of  which  is  also  described  by  Moore  and  Shukla 
[1996]  will  then  be  described.  The  paper  shows  how  the  decision  aid  uses  simple  frequency  management 
techniques  to  minimise  signal  interception  and  will  outline  the  future  development  of  the  decision-aid. 

Principle  elements  of  a  HF  communications  decision  aid  systems 

A  decision  aid  system  designed  to  optimise  EPM  communications  characteristics  should  ideally  comprise 
three  principle  elements  (Figure  1):  an  information  gathering  and  distribution  system,  a  jamming  and 
interception  model  (JIM),  and  a  communications  equipment  interface.  The  first  element  should  provide 
the  second  element  (JIM)  with  as  much  near  real-time  data  as  possible.  This  data  may  consist  of  wanted 
(i.e.  friendly)  and  unauthorised  or  unwanted  (i.e.  hostile)  receiver  locations,  hostile  capabilities, 
ionospheric  data  from  soimders,  simspot  number,  time,  date,  etc. 

The  final  element,  the  communications  equipment  interface,  should  ensure  that  the  recommended  system 
configurations  are  presented  to  the  operator  and  used  by  the  communications  system  in  the  most  effective 
manner.  The  information  gathering  and  distribution  system  and,  the  communications  interface  are  not 
detailed  any  further  at  this  stage  suffice  to  say  that  some  of  the  main  elements  can  be  foimd  within 
ARCS  [Arthur  and  Maundrell,  1994]. 

The  jamming  and  interception  element  should  ideally  comprise  of  six  primary  models  (Figure  1):  an 
input/update  interface,  a  propagation  prediction  model,  an  ionospheric  model,  a  communications  model, 
a  vulnerability  assessment  model  and,  a  systems  recommendations  model.  The  following  details  an 
idealised  design  of  a  JIM  and  some  implementations  of  a  JIM  will  not  have  aU  the  elements  outlined 
below. 

The  JIM  input /update  interface  is  the  primary  communications  interface  between  the  operator  and  the 
information  gathering  and  distribution  system  and,  the  models  used  within  JIM,  The  interface  shoiild 
ideally  handle  operational  data  (e.g.  message  type,  vulnerability  requirements,  station  locations),  and 
specialist  environmental  data  (e.g.  from  soimders,  or  other  modelling  systems  such  as  EEMS  [Moore  and 
Lewis,  1994]).  The  information  flow  should  be  bi-directional  since  data  passed  to  the  models  may  be 
ephemeral.  Ideally,  the  interface  should  be  designed  for  the  inexperienced  operator  but  it  should  be 
flexible  enough  to  enable  an  'expert'  operator  to  interrogate  the  system  in  depth  and,  if  necessary, 
update  the  model  parameters  manually. 

The  ionospheric  model  characterises  the  environment  through  which  HF  signals  propagate.  Typical 
specialist  parameters  required  by  the  models  may  be  electron  density  profiles  at  control-points,  simspot 
number  etc.  The  ionospheric  model  is  used  by  the  propagation  prediction  model  to  determine  the  ray- 
paths  and  signal  propagation  modes  (e.g.  IE,  IF).  The  typical  outputs  of  the  propagation  model  are 
signal  coverage  dimensions,  received  signal  power,  MUFs,  etc.  These  predicted  propagation  parameters 
can  then  be  used  by  the  commimications  model  to  predict  the  commimications  characteristics  of  the 
received  signals.  Typical  input  parameters  to  this  communications  model  may  be  signal-to-noise  ratio 
and  antenna  polar  diagrams.  The  predicted  communications  system  parameters  can  then  be  passed  to  the 
vulnerabihty  assessment  model  for  evaluation. 

The  assessment  model  compares  the  predicted  vulnerability  of  the  operator  defined  system 
configuration  with  the  vulnerability  requirements  defined  earlier.  The  operator  defined  configuration 
may  not  provide  the  commimications  resilience  requested  and,  consequently  alternative  system 
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configurations  (e.g.  additional  frequencies)  and  options  (different  receive  stations  and  different 
transmission  times)  should  also  be  assessed. 

The  assessment  model  may  predict  more  than  one  HF  system  configuration  that  satisfies  the  users' 
requirements.  The  system  recommendations  model  uses  the  results  of  the  vulnerability  assessment  model, 
and  other  relevant  data  from  other  systems  (e.g.  EEMS  [Moore  and  Lewis,  1994])  and,  ideally,' 
recommendations  from  other  communications  decision-aid  systems  (e.g.  satellite,  meteor  biu-st)  to  first 
rank  the  configurations  and  then  recommend  the  optimum  EPM  and  ECM  configuration.  The 
recommended  configurations  are  then  output  via  the  communications  equipment  interface. 

Decision-aid  prediction  accuracy 

The  accuracy  of  the  recommendations  produced  by  any  decision-aid  are  directly  related  to  the  data  and 
models  used.  The  models  associated  with  greatest  error  at  HF  are  the  ionospheric  model,  and  the 
propagation  prediction  model.  The  ionospheric  model  used  in  conventional  HF  prediction  programs,  e.g. 
REC533A  [CCIR,  1994],  lONCAP  [Teters  et  ah,  1983],  all  use  the  CCIR  or  URSI  map  coefficients  such  as 
foF2,  foE,  hmF2,  at  anchor  points  to  synthesise  a  median-model  ionospheric  profile.  These  simplified 
models,  xmfortunately,  result  in  qualitatively  low  prediction  accuracies  and  signal  range  errors  of, 
typically,  ~200km.  Limited  improvements  to  these  median  models,  however,  may  be  obtained  using 
svmspot  updating  techniques  [Uffleman  et.  al,  1982,  Shukla  and  Cannon,  1994,].  Updating  is  performed 
by  comparing  measured  path  parameters,  e.g.  MUF  using  a  soimder,  with  a  predicted  path  parameters 
using  a  model  such  as  REC533A  [CCIR,  1994].  The  difference  between  a  measured  and  predicted 
parameter  such  as  MUF  is  then  minimised  using  the  ionospheric  model's  driving  parameter  (e.g.  simspot 
number).  The  new  sunspot  number  derived  is  then  used  to  make  a  prediction  imtil  a  new  measured 
parameter  becomes  available.  The  advantage  of  this  'pseudo-simspot  number'  technique  is  its 
simplicity.  The  technique,  however,  has  limited  applicability;  for  example  the  measured  path  must  be 
close  to  the  wanted  conununications  path.  Significant  ionospheric  model  improvements  may  be  obtained 
using  near  real-time  data  to  S5mthesise  a  real-time  ionosphere  e.g.  PRISM  (Parameterised  Real-time 
Ionospheric  Specification  Model,  [Daniell  et  al,  1994  ]). 

HF  propagation  prediction  models  use  one  of  three  propagation  techniques:  mirror  reflection,  analytic 
ray-tracing,  or  numerical  ray-tracing.  Conventional  HF  prediction  programs  (e.g.  REC533A  [CCIR, 
1994])  use  the  mirror  reflection  technique  for  computational  speed.  The  range  and  signal  power 
accuracies,  however,  are  low  using  this  simple  method.  Superior  accuracy  can  be  achieved  by  analytic 
[Platt  and  Cannon,  1994]  or  numerical  ray-tracing  [Jones  and  Stephenson,  1975]  with  the  former  being  less 
computationally  intensive  but  typically  less  accurate.  A  novel  analytical  technique,  however,  is 
described  by  Norman  and  Cannon,  [1996]  which  rims  an  order  of  magnitude  faster  than  numerical 
approaches  but  with  errors  less  than  2%  of  the  numerical  technique. 

The  DRA  developed  decision  aid 

In  Version  1.0  of  the  decision-aid  developed  at  DRA,  the  jamming  and  interception  model  (Figure  1)  and 
the  input/ update  interface  are  the  major  aspects.  The  information  gathering  and  distribution  system, 
and  the  communications  interface  are  represented  by  the  host  486-PC.  In  this  early  version  of  the 
decision-aid  a  modified  version  of  the  REC533A  [CCIR,  1994]  prediction  program  performs  the  functions 
of  the  ionospheric  model,  propagation  prediction  model,  and  Ae  communications  prediction  model. 

The  input/update  interface  in  Version  1.0  is  a  windows  environment  screen  and  has  two  modes  of 
operation,  one  for  the  inexperienced  HF  'operator',  and  the  second  for  the  experienced  'expert'.  The 
interface  developed  ensures  that  the  number  of  inputs  required  by  the  inexperienced  'operator'  are  kept 
to  an  absolute  minimum.  The  'operator'  is  denied  access  to  required  signal-to-noise  ratio,  required 
availability,  operating  frequencies,  receiver  bandwidth  etc.,  since  these  only  give  rise  to  confusion  and 
complicated  input  screens.  These  detailed  parameters  are  input  independently  by  the  'expert',  or  loaded 
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from  data  files  (e.g.  sunspot  number  file,  frequency  plan  file)  prior  to  the  decision  aid  being  deployed 
with  the  operator. 

The  vulnerability  assessment  model  in  Version  1.0  is  limited.  Assessments  are  currently  performed  based 
on  signal  coverage  within  user  specified  areas,  using  the  system  configurations  (e.g.  frequencies,  power) 
input  by  the  expert  operator.  In  Version  1.0  it  is  assumed  that  all  receivers  have  equivalent  systems  and 
technologies  (e.g.  identical  modems).  This  assumption,  along  with  the  use  of  an  isotropic  anteima, 
results  in  the  modelling  of  worst  case  interception  scenarios. 

For  completeness.  Version  1.0  also  contains  a  simple  ground-wave  propagation  model  for  Line  of  Sight 
(LOS  <  200  km)  systems.  This  element  is  currently  only  used  to  display  contours  of  signal  strength  and  is 
not  used  in  the  decision  making  process  within  the  vulnerability  assessment  model,  and  the  systems 
recommendations  model.  The  groimd-wave  propagation  characteristics  are  calculated  by  a  modified 
version  of  GRWAVE  [CCJR,  1994]  which  computes  the  field  strength  of  the  ground  wave  signal  on  a 
smooth  curved  homogeneous  earth.  In  this  model  the  refractive  index  of  the  troposphere  is  assumed  to 
decrease  exponentially  with  height  and  the  conductivity  and  dielectric  constants,  defined  at  the 
transmitter  location  (based  on  CCIR  parameters),  are  assximed  to  be  constant  up  to  a  range  of  400  km  and 
constant  in  azimuth. 

The  recommendations  model  (Figure  1)  proposes  system  configurations  based  on:  signal  coverage 
predictions,  and  frequency  range  predictions.  The  utility  of  the  decision-aid  is  described  in  detail  by 
Moore  and  ShuJda  [1995],  however,  the  typical  outputs  are  summarised  below. 

Decision  aid  outputs 

The  decision  aid  displays  data  in  two  output  formats.  The  first  format  is  a  colour  sky  and  groimd  wave 
signal-coverage  map  (e.g.  Figure  2)  indicating  station  locations.  The  signal  coverage  maps,  for  a 
monthly  median  day,  enable  operators  to  visually  inspect  signal  coverage  consequences  of  potential 
communications  link  configurations  and  evaluate  the  potential  effectiveness  of  broadcast  transmission. 
The  decision-aid  currently  displays  the  sky  and  groimd  wave  signal  coverage  from  one  of  ten  frequencies 
for  one  time,  in  terms  of  signal-to-noise  ratio  (SNR)  and  received  signal  power  (dBjiV/m).  Basic 
statistics  of  the  sky  wave  signal  coverage  within  a  5“  box  centred  on  each  hostile  receiver  can  also  be 
requested  by  the  operator.  Figure  2  illustrates  the  utility  of  the  tactical  propagation  technique.  At  26 
MHz  the  signal  coverage  map  shows  that  two  of  the  friendly  stations  are  predicted  to  receive  signals 
and  two  hostiles  and  one  friendly  are  predicted  to  be  in  the  IF  and  2F  propagation  skip  zone. 

The  second  output  format  are  colour  frequency  prediction  graphs  similar  to  those  produced  by  PROPHET 
[Argo  and  Rothmuller,  1979]  and  facilitate  point-to-point  vulnerability  predictions.  The  first  graphical 
output  shows  the  operational  Maximum  Usable  Frequency  (i.e.  the  basic  MUF  considering  ionospheric 
parameters,  and  a  correction  factor  to  allow  for  propagation  mechanisms  above  the  basic  MUF  [CCJR, 
1994])  over  a  24  hour  period.  Figure  3  shows  the  operational  MUF  between  one  transmitter  and  a  friendly 
receiver  (Tx-Atlantcl),  and  between  the  transmitter  and  three  hostile  receivers  (Atlantc4,  5,  6).  Version 
1.0  allows  the  maximum  of  10  friendly  and  10  hostile  receiver  locations  to  be  analysed.  The  vertical 
lines  indicate  frequency  ranges  that  are  predicted  not  to  propagate  to  the  hostile  receivers  with  the 
number  of  lines  reflecting  the  number  of  hostiles  not  receiving  signals.  For  example,  in  Figure  3  at  17  UT, 
the  frequency  range  17-19.5  MHz  is  not  received  by  one  hostile.  The  frequency  range  19.5-22.5  MHz  is  not 
received  by  two  hostiles  and  the  frequency  range  22.5-24.5  MHz  is  not  received  by  three  hostiles.  For 
completeness,  the  Lowest  Usable  Frequency  (LUF)  from  the  friendly  transmitter  to  the  friendly  receiver 
is  also  plotted. 

If  more  than  one  friendly  receiver  station  is  available  for  communications,  a  composite  operational 
MUF,  i.e.  the  greatest  hourly  operational  MUF,  between  the  transmitter  and  any  friendly  is  plotted  and 
an  algorithm  determines  the  optimum  friendly  receiver  that  should  be  used  to  minimise  interception. 
Figure  4  is  a  (colour)  composite  operational  MUF  output  assuming  three  friendly  and  three  hostile 
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stations.  Again  the  vertical  lines  indicate  frequency  ranges  that  cannot  be  intercepted,  and  the  number  of 
vertical  lines  reflect  the  number  of  hostiles  not  intercepting  the  signal.  The  colour  of  the  horizontal  bar 
at  35  MHz  denotes  the  most  secure  friendly  station.  In  the  illustrative  example.  Figure  4,  Friend  F2 
should  be  used  between  00-04  UT,  Friend  FI  between  04-08  UT,  F3  between  10-12  UT  and  FI  between  13-24 
UT.  No  recommendation  is  made  at  09  and  12  UT  since  all  three  hostiles  are  predicted  to  intercept  the 
signal. 

The  two  MUF  graphs  described  above  are  only  displayed  to  the  HF  ’expert’.  The  ’operator’  receives  the 
MUF  data  as  a  24  hour,  colour  coded,  frequency  management  table  (Figure  5).  The  table  recommends 
frequency  ranges  and  the  optimum  friendly  receiver  stations  that  should  be  used  to  minimise 
interception.  Hostiles  predicted  to  intercept  signals  are  indicated  by  an  asterisk,  and  the  hostile 
ordering,  from  left  to  right,  indicates  decreasing  probability  of  interception.  If  all  hostiles  intercept  the 
signal,  then  the  frequencies  recommended  are  coloured  red  (e.g.  09  and  12  UT)  indicating  that  all 
propagating  frequencies  are  intercepted.  Under  these  conditions  signal  transmission  should  be  avoided 
whenever  possible.  If  this  is  not  possible  the  red  frequency  range  displayed  is  the  best  available  to 
minimise  signal  coverage.  The  yellow  coloured  frequencies  (e.g.  3-8  UT)  are  those  that  should  be  used 
with  caution  because  at  least  one  hostile  can  intercept  the  signal.  The  green  frequencies  (e.g.  16-23  UT) 
are  those  predicted  to  be  safe  from  signal  interception. 

Future  development  of  the  HF  decision-aid 

The  signal  coverage  predictions  calculated  by  the  jamming  and  interception  element  of  the  decision  aid 
are  currently  based  on  REC533  [CCfJ?,  1994]  predictions  which  uses  a  median  ionospheric  model  and  basic 
mirror  reflection  ray-tracing  technique.  Although  improvements  to  the  median  ionospheric  model  wiU 
be  achieved  using  updating  techniques,  is  anticipated  that  in  future  versions  of  the  decision  aid  (Figure 
6)  an  improved  ionospheric  specification  model  such  as  PRISM  [Daniell  et  al,  1994]  may  be  used.  The 
potential  improvements  to  sk5rwave  jamming  and  interception  model  are  outlined  in  Figure  6. 

A  more  accurate  propagation  prediction  model  using  ray-tracing  techniques  such  as  the  analytic  ray- 
tracing  model  [Norman  and  Cannon,  1996]  or  the  computationally  intensive  numerical  ray-tracing 
technique  [Jones  and  Stephenson,  1975]  must  also  be  incorporated.  Within  the  propagation  model  the 
decision  aid  currently  assumes  isotropic  antennas  for  worst  case  interception  scenarios.  More  realistic 
antenna  models  may  also  be  incorporated  to  enable  more  realistic  system  scenarios  to  be  examined. 

The  vulnerability  assessment  model  currently  examines  signal  coverage  and  the  path  MUFs.  In  a  future 
version  of  the  model  the  lowest  usable  frequency  (LUF)  will  also  be  considered  to  minimise  signal 
coverage  [CCJR,  1993].  At  low  frequencies,  close  to  the  LUF,  skywave  signals  are  attenuated  but  near 
vertical  incidence  coverage  can  be  maintained  as  can  groimd  wave  coverage.  Consequently,  secure 
communications  can  be  established  within  a  small  area.  This  is  illustrated  in  Figure  7.  The  signal 
coverage  at  3  MHz  is  restricted  to  the  Northern  Atlantic  region  and  is  intercepted  by  the  three  nearby 
friendlies  and  denied  to  the  three  distant  hostiles. 

In  Version  1.0  the  GRWAVE  [CCIR,1994]  ground  wave  prediction  program  has  been  incorporated  for 
completeness  but  is  currently  not  used  within  the  assessment  model.  The  ground  conductivities  used 
within  the  current  decision  aid  are  assumed  to  be  constant  in  azimuth  for  all  ranges,  and  land-sea 
boundaries  are  not  considered.  It  is  anticipated  that  in  future  version  of  the  decision-aid  these 
deficiencies  will  be  corrected  to  enable  a  more  complete  HF  vulnerability  assessment  to  be  made.  The 
vulnerability  model  may  also  include  hostile  equipment  characteristics  such  as  signal  processing  time, 
antenna  tuning  time  etc.  These  parameters  will  enable  the  effectiveness  of  hostiles  to  be  evaluated  more 
accurately  within  the  assessment  model. 

The  enhancements  outlined  above  will  be  incorporated  within  the  decision-aid  with  commensurate 
improvements  to  the  \asers  input/ update  interface  ensuring  easy  use  for  the  inexperienced  ’operator’.  For 
example,  if  only  crude  predictions  are  required  then  the  operator  may  select  the  mirror  reflection 
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technique  and  the  median  ionospheric  model  for  computational  ease  and  speed.  If,  however,  very 
accurate  predictions  are  required  in  a  specific  area  then  the  improved  ionospheric  model  (e.g.  PRISM 
Daniel!  et  ah,  [1994])  may  be  selected  in  conjunction  with  analytic  or  numerical  ray-tracing  . 

Conclusion 

This  paper  has  outlined  a  somewhat  idealised  design  of  a  HP  decision-aid  to  minimise  communications 
vulnerability.  The  aid  is  based  on  the  tactical  use  of  signal  propagation  and  exploits  knowledge  of  the 
ionosphere  and  ray  tracing  techniques  to  minimise  signal  coverage  and  deny,  or  minimise,  the  enemies 
access  to  the  radiated  electromagnetic  energy.  The  EPM  improvements  obtained  may  be  used  in  isolation 
or  to  complement  other  sophisticated  systems  techniques  such  as  antenna  nulling  and  spread  spectrum 
system. 

A  decision-aid  system  currently  being  developed  at  the  DRA,  for  the  inexperienced  and  expert  HP 
communicator,  has  been  described.  This  system  currently  uses  simple  frequency  management  techniques  to 
minimise  communications  vulnerability.  The  decision-aid,  however,  suffers  from  an  inaccurate 
ionospheric  and  propagation  prediction  model,  but  new  more  accurate  analytic  ray-tracing,  and 
ionospheric  specification  models  are  currently  being  developed. 

The  tactical  decision-aid  described  may  be  used  by  conventional  HP  operators  in  near  real-time,  as  a 
component  of  other  electromagnetic  modelling  systems  (e.g.  EEMS  [Moore  and  Lewis,  1994])  or  off-line 
during  the  mission  planning  stage,  to  predict  and  configure  the  least  vulnerable  HP  commimications 
Hnks.  The  system  could  also  be  used  to  automatically  configure  current  HP  equipment.  This  latter 
approach  will  be  particularly  powerful  when  used  in  conjimction  with  ARCS  [Arthur  and  Maundrell 
1994]  based  systems.  Although  this  paper  has  concentrated  on  the  application  of  the  decision-aid  to 
maximising  EPM  characteristics,  the  system  may  also  be  used  to  optimise  commimications  link  quality 
and  reliability  and  contribute  to  the  effective  deployment  of  ECM  systems,  or  even  just  as  a  HP 
communications  training  aid. 
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Figure  5  Frequency  table  indicating  optiinum  frequencies  and  station  for  minimum  interception. 
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Figure  6  The  improved  ionospheric  and  ray-tracing  model 
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ABSTRACT 

The  efficiency  and  safety  of  all  operations  conducted 
within  the  battlespace  can  be  improved  with  knowiedge 
of  environmental  conditions.  The  warfighter,  whether 
at  sea,  on  land,  or  in  the  air,  can  1)  optimize  the 
performance  of  electro-magnetic  and  optical  sensors 
by  adjusting  operational  parameters,  2)  select  proper 
weapons  or  sensors,  or  3)  change  the  engagement 
scenario  to  take  greatest  advantage  of  the 
environmental  conditions  by  knowing  the  propagation 
conditions  and  clutter  environment  which  are  being 
encountered.  In  addition,  knowledge  of  wind  fields  can 
aid  in  a  number  of  aspects  of  theater  operations, 
including  ballistic  trajectory  corrections  and 
determination  of  path  and  dispersion  of  radioactive, 
chemical  and  biological  agent  weapon  clouds. 

Lockheed  Martin  Corporation  has  developed  a  signal 
processing  technique  that  enables  meteorological 
information  to  be  collected  by  tactical  radars.  The 
technique  allows  the  radar  to  operate  using  its  normal 
tactical  doctrine,  and  processes  the  return  data 
separately  to  extract  meteorological  information.  The 
concept  has  been  tested  through  simulation  and 
laboratory  experiment,  and  is  being  used  to  examine 
the  capability  of  the  AEGIS  SPY  1  B/D  radar  to 
measure  meteorological  information.  This  paper  will 
examine  the  use  of  this  signal  processing  technique  in 
a  number  of  sensors  deployed  throughout  theater 
operations  to  extend  this  capability.  By  implementing 
this  signal  and  data  processing  capability  on  a 
number  of  sensors,  weather  information  can  be 
collected  from  the  edges  of  the  theater  at  sea  and  as 
far  as  300  miles  inland. 

1.0  Introduction 

The  efficiency  and  safety  of  all  operations 
conducted  within  the  battlespace  can  be 
improved  with  knowledge  of  environmental 
conditions.  Knowing  propagation  conditions 
and  the  clutter  environment  enable  the 
warfighter,  whether  at  sea,  on  land,  or  in  the  air 
to  aid  the  warfighter  in  decisions  to:  1)  optimize 
the  performance  of  electro-magnetic  and 
optical  sensors  by  adjusting  their  operational 
parameters,  2)  select  proper  weapons  or  sensors 
for  a  particular  engagement,  or  3)  change  the 
engagement  scenario  to  take  greatest 
advantage  of  the  environmental  conditions. 

Knowledge  of  three  dimensional  wind  fields 
can  aid  in  a  number  of  aspects  of  theater 
operations  as  well.  Measured  winds  improves 
ballistic  trajectory  corrections  for  Naval  Surface 
Fire  Support,  land  based  counter-battery  fire 


and  tactical  ballistic  missile  defense.  In 
addition,  three  dimensional  winds  information 
will  help  in  the  determination  of  path  and 
dispersion  rate  of  radioactive,  chemical  and 
biological  agent  weapon  clouds. 

Lockheed  Martin  Corporation  Government 
Electronic  Systems  has  developed  a  novel 
signal  processing  technique  [1]  that  enables 
the  collection  of  meteorological  information  by 
tactical  radars.  All  current  operational 
meteorological  radars  use  uncoded  waveforms 
for  determining  weather  phenomena 
parameters,  such  as  the  three  primary  spectral 
moments.  Most  tactical  radars  use  coded 
waveforms  and  pulse  compression  for  tactical 
operations  such  as  search  and  tracking  to  gain 
additional  sensitivity  and  improved  range 
resolution.  Combining  the  two  functions  of 
tactical  operations  (search  and  track)  and 
weather  surveillance  has  not  been  appropriate 
until  recently  because  of  this  major  difference 
in  the  transmitted  waveform  and  the  signal 
processing  and  the  technological  barrier  of  the 
use  of  pulse  compression  in  weather  radars. 

Meteorological  sensors  have  not  used  pulse 
compression  because  of  the  range  sidelobes 
generated  by  the  pulse  compression  process. 
The  technique  introduced  by  LM  GES  is  a 
doppler  tolerant  range  sidelobe  suppression 
(DTRSLS)  technique.  This  technique  is 
designed  to  maintain  low  range  sidelobes  over 
a  range  of  doppler  frequency  shifts  on  the 
return  pulse  data.  In  tactical  sensors,  coded 
waveforms  do  not  present  range  sidelobe 
problems  because  the  requirements  are  not  as 
stringent  since  the  targets  of  interest  are  not 
extended  over  large  ranges.  For  detection  of 
point  phenomena,  peak  range  sidelobe  (or 
perhaps  average  or  RMS  sidelobe)  levels  are  of 
the  most  interest  and  these  levels  are  not  as 
sensitive  to  doppler  shift  on  the  return  signal. 

The  DTRSLS  technique  allows  the  radar  to 
operate  using  its  normal  tactical  doctrine,  that 
is,  using  the  coded  waveforms  that  it  uses  for 
target  search  and  track.  The  DTRSLS  concept 
has  been  tested  through  extensive  simulation 
[2,3]  and  laboratory  experiment  [4,5].  It  is 
currently  being  used  to  examine  the  capability 
of  the  AEGIS  SPY  1  B/D  radar  to  measure 
meteorological  information  at  the  Navy’s 
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Combat  System  Engineering  Development 
(CSED)  Site  in  Moorestown,  NJ  [6]. 

By  implementing  this  signal  and  data 
processing  capability  on  sensors  deployed 
throughout  the  theater,  weather  information 
can  be  collected  from  the  edges  of  the  theater 
at  sea  and  as  far  as  300  miles  inland.  This 
assumes  that  the  deployed  forces  are  arriving  to 
a  theater  operation  from  the  sea,  and 
penetrating  inland.  Using  shipboard  sensors 
(AN/SPY-1  B/D,  AN/SPN-43  AN/SPS-48,  and 
AN/SPS-49  radars)  weather  information  can  be 
collected  at  sea,  at  the  land-sea  interface,  as 
well  as  inland  for  approximately  50  nautical 
miles  or  more.  This  data  can  support  all  naval 
operations  in  the  area,  but  in  particular 
amphibious  and  landing  operations,  Naval 
Surface  Fire  Support,  and  strike  operations. 
Once  land  based  sensors  have  been  deployed 
ashore,  ground  based  radars  such  as  the  TPQ- 
37  and  the  Patriot  radar,  can  be  used  to  collect 
weather  information  approximately  150  miles 
inland,  depending  on  sensor  emplacement. 
This  information  can  support  land  based 
operations  further  inland,  such  as  forward  troop 
movements  and  counter  battery  fire  support. 
Finally,  airborne  support  sensors  aboard  E3A 
AWACS  aircraft  can  be  used  to  collect 
meteorological  information  300  miles  or  more 
inland.  Combining  this  weather  information 
enables  theater  command  to  better  conduct  all 
operations  in  a  safer  more  efficient  manner. 

The  weather  information  from  all  of  the  tactical 
sensors  can  be  used  by  each  sensor’s  operator 
to  better  optimize  operating  parameters  and 
better  understand  the  clutter  and  propagation 
environment.  The  data  from  each  sensor  can 
be  fed  to  Fleet  Numerical  and  Meteorology  and 
Oceanography  Center  (Fleet  Numeric)  or  other 
forecasting  organizations  for  use  in  global  and 
local  forecasting  models.  To  reduce  time 
latency  of  the  data  transmission  networks  and 
the  time  required  to  assimilate  the  data  into 
models  and  run  the  forecasting  models  at  the 
forecasting  organizations,  the  weather  data  can 
be  used  onboard  a  sensor’s  platform  (those  with 
the  processing  power  available)  to  provide  in 
situ  short  term  local  forecasts  for  the  theater. 
The  data  collected  by  tactical  sen^rs 
combined  with  the  ever  increasing  computing 
power  available  in  vector  and  scalar  processors 
enables  in  situ  forecasting  within  the  theater. 
The  individual  sensors  can  use  the  data  to: 

•  visualize  clutter  environment  with  a  high 
temporal  and  spatial  resolution,  accurate 
clutter  map  to  aid  in  waveform  selection 
and  to  suppress  clutter  detections  and 


tracks  for  improved  sensor  performance 
monitoring,  optimization,  and  prediction; 

•  produce  advanced  weather  products  such 
as  detection  of  hazardous  weather 
phenomena  (wind  shears/shifts,  storm 
tracking  and  storm  structure), 

•  provide  a  three  dimensional  wind  field 
maps  to  aid  in  fire  control  and  fire  support 
and  to  better  understand  the  dispersion  of 
chemical,  biological  and  radioactive 
clouds,  and 

•  (if  sensor  has  sufficient  sensitivity)  provide 
detection  of  clear  air  phenomena  -  cloud 
layers  and  clear  air  wind  fields. 

The  remainder  of  this  paper  will  introduce  the 
signal  processing  technique,  and  examine  its 
use  in  a  number  of  sensors  deployed  throughout 
the  theater  to  extend  this  weather  capability.  In 
addition,  preliminary  hypotheses  for  uses  in 
tactical  operations  of  the  data  to  be  collected 
by  the  tactical  sensors  will  be  presented. 

2.0  Tactical  Weather  Radar  Concept 

The  primary  functions  of  most  tactical  radars 
deployed  in  a  battle  environment  are  for  the 
surveillance  and  tracking  of  targets,  either 
planes,  missiles/shells,  and  surface  targets 
(ground  vehicles  or  surface  ships).  The 
environment  in  which  most  tactical  sensors 
operate  includes  a  tremendous  amount  of 
clutter  and  environmental  returns  as  well  as 
returns  from  these  desired  targets.  A  passing 
storm  can  significantly  change  the  picture 
observed  by  the  radar  operator  by  presenting 
numerous  unwanted  “clutter”  detections  that  are 
moving  at  about  the  velocity  of  the  local  winds 
or  the  storm  movement.  A  chaff  cloud  can 
present  a  similar  picture.  Ducting  can  produce 
surface  tracks  to  the  operator  in  beam  positions 
that  would  indicate  these  targets  have  altitudes 
of  thousands  of  feet.  Knowledge  of  the  clutter 
environment  and  ducting  conditions  can 
change  the  picture  displayed  to  a  radar 
operator.  In  addition,  the  knowledge  of  the 
ducting  and  clutter  can  improve  the 
performance  of  the  sensor  by  allowing  the 
operator  to  optimize  the  sensor  parameters  to 
best  deal  with  the  clutter  environment  at  the 
moment,  and  to  change  the  parameters  as  the 
clutter  environment  changes. 

The  challenge  for  the  Tactical  Weather  Radar 
(TWR)  Concept  is  to  obtain  as  much 
information  as  possible  about  the  weather, 
clutter,  and  propagation  conditions  so  that  the 
performance  of  the  sensor  and  hence  the 
warfighter  can  be  improved.  The  desire  is  to 
extract  this  meteorological  information  with  as 
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little  impact  on  the  operational  sensor  as 
possible.  The  impact  to  the  sensor  is  measured 
in  many  ways,  two  of  the  most  important  are:  1) 
additional  hardware  required  to  perform 
weather  processing,  and  2)  changes  in  the 
sensor’s  operational  doctrine,  that  is,  altering  its 
resource  allocation  budget.  The  goal  of  the 
TWR  is  minimize  both  of  these  impacts  while 
maximizing  the  amount  of  information 
collected  on  the  weather  phenomena,  clutter, 
and  ducting  conditions. 

Ideally,  the  TWR  will  collect  weather 
information  from  the  same  tactical  dwells  the 
radar  uses  to  detect  point  targets  by  using  an 
alternate  processing  channel.  In  general,  the 
weather  data  collection  begins  with  the 
generation  of  the  three  primary  spectral 
moments  of  the  phenomena.  These  three 
moments  are:  Reflectivity,  mean  doppler 
velocity,  and  doppler  spectrum  spread.  The 
reflectivity  is  a  measure  of  the  reflected  power 
from  the  scatterers  within  a  particular  resolvable 
range,  azimuth,  elevation  cell;  it  is  essentially  a 
volumetric  form  of  radar  cross  section  since  it  is 
normalized  by  the  radar  parameters  and  the 
range  from  the  radar.  It  is  normally  expressed 
as  reflectivity  factor  with  some  adjustments 
made  for  transmit  wavelength  and  particle 
scatterer  type.  The  mean  doppler  velocity 
measure  is  the  mean  radial  movement  of  the 
scatterers  within  the  resolvable  cell.  The 
doppler  spectrum  spread  is  a  measure  of  the 
variability  of  the  doppler  components  that  exist 
within  the  resolvable  cell;  it  is  an  indication  of 
the  turbulence,  bimodality  or  variation  of  the 
doppler. 

The  measurement  for  reflectivity  does  not 
require  a  multiple  pulse  coherent  dwell,  since  it 
is  a  measure  of  the  reflected  power  from  a 
particular  cell.  To  measure  reflectivity,  it  is 
only  required  that  sufficient  independent 
samples  of  the  weather  phenomena  are 
collected  by  the  system  to  form  accurate 
estimates  of  the  reflectivity,  if  the  number  of 
independent  looks  can  be  obtained  by 
averaging  a  number  of  range  intervals  and/or  a 
number  of  multiple  simultaneous  transmissions 
(such  as  multiple  transmit  and  receive  beams  or 
frequency  channels)  then  a  single  pulse  dwell 
can  be  used  to  determine  the  reflectivity.  To 
measure  the  mean  velocity  and  spectrum 
spread  parameters  a  coherent  multiple  pulse 
dwell  is  needed.  To  measure  these  doppler 
characteristics,  the  pulse  to  pulse 
characteristics  of  the  phenomena  must  be 
determined,  such  as  pulse  to  pulse  phase 
change  which  indicates  doppler  shift.  The 
mean  pulse  to  pulse  phase  shift  is  proportional 


to  mean  velocity,  and  the  variance  of  this 
phase  change  is  proportional  to  spectrum 
spread. 

From  these  moments,  advanced  weather 
products  can  be  generated  describing  the 
weather  environment,  its  movement  and 
evolution.  These  moments  are  used  for 
detection  of  weather  phenomena  as  well  as 
forecasting  of  weather  conditions.  Using 
intelligent  pattern  recognition  algorithms, 
certain  patterns  within  the  spectral  moments 
will  describe  the  presence  of  a  particular  type 
of  weather  phenomena,  such  convective 
storms,  microbursts,  and  many  others.  In 
addition,  the  spectral  moments  and  their 
change  with  time  can  be  used  along  with  other 
meteorological  information  available  from 
other  sensors  aboard  or  satellites  such  as  winds, 
temperature,  barometric  pressure  and  others  to 
produce  near  and  long  term  forecasts.  Wind 
fields  are  generated  using  the  data  collected 
from  multiple  sensors  (wind  triangularization 
from  radial  winds)  or  from  one  sensor  (existing 
single  doppler  wind  retrieval  algorithms). 

The  doctrine  and  mission  of  a  sensor  must  be 
considered  in  the  way  that  the  TWR  concept  is 
applied.  In  some  applications,  impact  on 
hardware  (requirement  to  remain  compact  and 
mobile)  is  as  important  or  even  more  important 
than  impacting  that  operational  doctrine.  In 
these  cases,  the  TWR  aims  to  introduce  little  (if 
any  at  all)  new  hardware  to  perform  the  weather 
processing.  Weather  information  can  be 
extracted  by  time  sharing  available  hardware  or 
altering  the  processing  in  the  tactical  chain, 
without  impacting  the  tactical  performance, 
such  that  some  of  the  signal  processing  for  the 
weather  information  extraction  can  be 
performed  in  the  tactical  processing  channel. 
In  other  cases,  the  impact  to  doctrine  is 
important  because  the  critical  nature  of  the 
mission  such  as:  the  SPY-1  radar  and  providing 
self  and  area  defense  and  for  the  safety  of  the 
sensor  and  crew,  or  the  TPQ-37  radar  where 
radar  resources  are  limited  for  the  firefinder  and 
counter  battery  functions  to  avoid  detection. 

In  some  cases,  additional  meteorological 
information  can  be  obtained  with  little 
additional  impact  to  the  sensor,  such  as  small 
requirements  on  radar  resources  to  collect 
additional  weather  information  while  the  radar 
is  not  in  a  battle  condition.  A  radar  control 
program  which  is  adaptable  in  this  way  can 
enable  the  system  to  use  the  amount  of  radar 
resources  which  are  available,  that  is,  in  battle 
situations,  minimal  weather  information  may  be 
collected  (that  available  from  tactical  dwells), 
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but  in  other  conditions,  an  abundance  of 
weather  information  can  be  collected  because 
resource  requirements  can  be  reduced  for  some 
of  the  tactical  portions  of  the  radar’s  doctrine. 

In  some  radars,  multiple  pulse  dwells  are  used 
only  in  areas  where  clutter  rejection  is  needed 
(for  surface  scans  and  where  clutter  exists),  and 
this  could  limit  the  scan  volume  in  which  mean 
doppler  and  doppler  spread  are  collected.  It 
would  be  useful  to  extend  the  use  of  multiple 
pulse  dwells  to  provide  estimates  of  all  three 
spectral  moments  throughout  volume.  The 
detailed  clutter  map  could  be  used  to  define 
where  multiple  pulse  dwells  should  be  used, 
such  that  when  a  threshold  is  crossed  a  flag  is 
set  to  transmit  multiple  pulses  in  a  beam 
position.  The  rejection  of  surface  clutter  is 
important  in  mapping  weather  phenomena,  the 
presence  of  surface  clutter  spectra  in  a  return 
will  produce  biased  estimates  of  the  reflectivity, 
mean  velocity  and  spectral  spread.  If  radar 
resources  are  available,  extra  pulses  could  be 
used  in  the  low  elevation  tiers  to  provide 
improved  surface  clutter  characterization  and 
in  some  cases  improved  surfece  clutter 
rejection.  To  be  able  to  perform  wind  profiling 
and  clear  air  observations  long  coherent  dwells 
are  generally  used.  The  long  coherent  dwells 
provide  signal  integration  (many  pulses  are 
coherently  integrated)  such  that  weak  signals 
(like  clear  air)  are  detectable.  The  benefits  of 
providing  3D  wind  fields  and  cloud  layers  can 
far  outweigh  the  resource  requirements. 

The  overriding  goal  of  the  TWR  is  provide  as 
much  weather  information  at  as  little  cost  as 
possible,  where  the  cost  is  measured  by  dollars 
to  place  equipment  for  processing,  and  by 
radar  resource  requirements  to  collect  weather 
information.  Figure  1  shows  a  typical  tactical 
weather  radar  adjunct  processor.  The 


additional  processing  required  provides  control 
for  the  weather  processor  side  which  is  tied  to 
the  overall  radar  controller.  The  weather 
processor  includes  signal  and  data  processing 
to  calculate  the  three  spectral  moments  and  to 
provide  the  advanced  weather  products. 

The  TWR  adjunct  processor  will  tie  into  the 
tactical  radar  in  a  number  of  ways.  First,  the 
received  radar  data  will  be  extracted  from  the 
tactical  system’s  receiver  /  signal  processor  by 
the  weather  signal  processor  (WSP).  In 
addition,  the  radar  control  parameters  will  be 
passed  to  the  weather  system  controller  (WSC) 
by  the  tactical  system’s  radar  controller  so  that 
information  concerning  the  radar  operating 
parameters  for  each  transmit  sequence  can  be 
extracted.  The  WSC  determines  if  the  mode 
type  indicates  that  the  dwell  is  used  for  weather 
data  collection.  If  so,  the  WSC  extracts 
necessary  information  such  as  beam  position, 
dwell  type,  operating  parameters  (pulsewidth, 
•transmit  frequency,  pulse  repetition  interval 
(PRI),  and  so  on)  so  that  the  WSP  can  perform 
the  proper  signal  processing.  The  WSP 
performs  the  computationally  intensive  signal 
processing  such  as  pulse  compression  and 
doppler  processing.  The  weather  data  extractor 
(WDE)  takes  the  periodogram  estimates  or  the 
estimates  of  the  first  lag  of  the  autocorrelation 
function  and  calculates  the  spectral  moments. 
Detailed  discussion  of  this  processing  is  given 
in  [7].  The  spectral  moments  are  then  passed 
to  the  weather  data  processor  (WDP)  so  that 
weather  phenomena  features  can  be  extracted 
by  automated  detection  algorithms,  such  as 
gust  fronts,  microbursts,  wind  field,  etc.  The 
WDP  is  also  used  to  generate  short  and  long 
term  in  situ  forecasts  using  both  the  data 
generated  by  the  ownsensor  and  data  from 
other  tactical  sensors  received  via  the  weather 
communication  processor  (WCP).  The  output 
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of  the  WDP  is  formatted  for  presentation  on  the 
local  displays  as  a  synopsis  of  the  weather 
picture,  In  some  cases,  it  is  desirable  to  view 
the  raw  spectral  moments,  and  these  will  be 
made  available  for  the  displays  as  well. 
Finally,  spectral  moments  and  advanced 
weather  products  are  sent  to  the  WCP  for 
formatting  and  message  formation  for 
transmission  to  other  tactical  radars,  to  theater 
command  and/or  forecasting  organizations  for 
long  and  short  term  forecasting 

Minimizing  the  hardware  impact  could  also 
minimize  weather  processor’s  achievable 
functionality.  The  trade  of  weather  information 
obtained  versus  hardware  and  radar  resource 
impact  much  be  made  on  a  sensor  by  sensor 
basis.  The  tactical  mission  and  hardware 
configuration  of  each  sensor  will  change  the 
trades  sufficiently  such  that  a  solution  for  one 
sensor  may  not  easily  extend  to  others. 

3.0  Weather  Surv.  and  Pulse  Compression 

Weather  phenomena  are  random  processes,  the 
spectral  moments  of  weather  phenomena  are 
also  random.  In  measuring  the  primary  spectral 
moments,  a  sensor  must  obtain  multiple 
independent  looks  of  a  resolvable  cell  so  that 
the  variability  in  the  measurement  can  be 
reduced  and  accurate  measures  of  reflectivity, 
mean  velocity  and  spectrum  width  can  be 
obtained.  The  number  of  looks  required  is 
dependent  on  the  parameters  of  the  radar 
(pulse  repetition  frequency,  transmit  frequency, 
sensitivity  parameters  which  determine  signal  to 
noise  ratio  -  gain,  transmit  power,  losses)  and 
the  assumed  properties  of  the  weather 
phenomena  (spectral  spread,  coherence  time), 
as  well  as  the  required  accuracy  of  the  spectral 
moments.  A  typical  value  for  the  number  of 
independent  samples  for  an  S-Band  radar  is 
100.  The  multiple  independent  looks  at  a 
resolvable  cell  can  be  obtained  in  any  number 
of  ways,  including;  multiple  transmit  pulses, 
multiple  simultaneous  transmit/receive 
channels,  range  sample  to  range  sample,  and 
multiple  scans. 

All  current  operational  meteorological  radars 
use  uncoded  waveforms  for  determining 
weather  phenomena  parameters.  Tactical 
radars,  on  the  other  hand,  use  coded  waveforms 
and  pulse  compression  for  tactical  operations 
such  as  search  and  tracking  to  gain  additional 
sensitivity  and  improved  range  resolution. 
Combining  tactical  operations  and  weather 
surveillance  has  not  been  appropriate  until 
recently  because  of  this  major  difference  in  the 
transmitted  waveform  and  the  signal  processing 


and  the  technological  barrier  of  the  use  of 
pulse  compression  in  weather  radars. 

Meteorological  sensors  have  not  used  pulse 
compression  because  of  range  sidelobes  which 
are  a  result  of  pulse  compression.  Range 
sidelobes  arise  from  the  distributed  nature  of 
the  pulse  compressed  signal.  Range  sidelobes 
are  energy  received  at  the  desired  sampling 
time  but  from  other  ranges  than  that  of  the 
desired  range  interval  When  a  coded 
waveform  is  pulse  compressed,  what  results  is  a 
function  of  time  whose  range  extent  covers 
more  than  the  compressed  pulsewidth  (the 
inverse  of  the  transmit  signal’s  bandwidth). 
Figure  2  shows  a  typical  pulse  compression 
function,  its  time  extent  is  twice  the  transmit 
pulsewidth,  its  range  resolution  is  equal  to  the 
width  of  the  mainlobe  portion  which  is 
approximately  the  inverse  of  the  transmit 
signal’s  bandwidth.  The  distributed  nature  of 
weather  requires  extremely  low  range  sidelobes 
to  avoid  corruption,  since  the  weather  extent  is 
greater  than  the  compressed  pulse  length. 

In  tactical  sensors,  coded  waveforms  do  not 
present  range  sidelobe  corruption  problems 
since  the  targets  of  interest  are  not  extended 
over  large  ranges.  In  addition,  for  detection  of 
point  phenomena,  peak  range  sidelobe  level 
(PSL)  (or  perhaps  average  or  RMS  sidelobe 
levels  -  RSL)  levels  are  of  the  most  interest  and 
these  levels  are  not  as  sensitive  to  doppier  shift 
on  the  return  signal.  For  extended  phenomena 
such  as  weather,  the  figure  of  merit  for  the 
range  sidelobes  is  integrated  sidelobe  level 
(ISL).  ISL  is  the  measure  of  the  total  sidelobe 
energy  divided  by  the  total  mainlobe  energy. 
ISL  is  an  acceptable  measure  of  sidelobe 
performance  for  distributed  phenomena  since  it 
measures  the  amount  of  energy  received  from 
all  range  sidelobes  compared  to  the  mainlobe 
return  just  as  would  be  expected  from  an 
extended  weather  return.  The  smaller  the  ISL, 
PSL,  or  RSL  (greater  negative  values  in  dB), 
the  better  the  sidelobe  performance. 

Many  methods  exist  for  reducing  range 
sidelobes  but  these  techniques  are  very 
sensitive  to  doppier.  Without  a  priori  knowledge 
of  the  doppier  environment,  the  range 
sidelobes  that  are  achieved  through  these 
suppression  techniques  may  not  be  sufficient  to 
avoid  corruption  from  range  sidelobes.  The 
DTRSLS  technique  is  designed  to  maintain 
significant  range  sidelobe  suppression  over  a 
range  of  doppier  frequency  shifts  on  the  return 
pulse  data.  Figure  3  shows  the  improved 
integrated  sidelobe  levels  that  are  achieved 
with  the  DTRSLS  versus  those  with  non  doppier 
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Figure  2:  Pulse  compression  function 
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Figure  3:  Integrated  sidelobe  levels  versus  doppler  shift 


tolerant  range  sidelobe  suppression.  The 
DTRSLS  technique  allows  a  radar  performing 
tactical  and  weather  surveillance  to  operate 
using  its  normal  tactical  doctrine,  that  is,  using 
the  coded  waveforms  that  it  uses  for  target 
search  and  track.  The  meteorological 
information  is  extracted  by  processing  the 
return  data  separately  from  the  normal  tactical 
signal  and  data  processing  using  an  optimized 
range  sidelobe  suppression  processing  channel. 

The  DTRSLS  concept  has  been  tested  through 
simulation  and  laboratory  experiment.  An 
extensive  simulation  effort  analyzed  its 
performance  in  accurately  mapping  weather 
phenomena,  including  range  sidelobe  level 
performance  in  the  presence  of  certain  weather 
phenomena  and  system  characteristics,  which 
includes  the  fluctuating  nature  of  the  weather 
phenomena  and  the  transmitter  and  receiver 
characteristics  of  the  radar.  Laboratory  tests 
were  conducted  using  research  weather  radars 
to  collect  time  series  data  transmitted  virtually 
simultaneously  using  "normal”  weather  radar 
waveforms  (uncoded)  and  processing,  and 
using  coded  waveforms  and  pulse  compression 
with  DTRSLS.  The  data  were  then  processed 
off-line  to  determine  the  weather  parameters  of 
the  volume  scanned.  The  Tactical  Weather 
Radar  concept  is  being  used  to  examine  the 
capability  of  the  SPY  1  B/D  radar  to  measure 
meteorological  information  at  the  Navy’s 
Combat  System  Engineering  Development 
(CSED)  Site  in  Moorestown,  NJ. 

Pulse  compression  for  weather  surveillance 
provides  significant  benefits.  The  two  major 
improvements  are:  1)  increased  sensitivity  to 
detect  weaker  weather  phenomena,  and  2)  data 
collection  time  reductions  [8].  The  sensitivity 
increase  is  achieved  by  transmitting  more 
average  power  on  the  weather  phenomena 
(increasing  the  average  power  by  increasing 
the  pulsewidth).  The  increase  in  sensitivity 
through  pulse  compression  is  then  equivalent  to 
the  time  bandwidth  product  of  the  coded 
waveform  (when  compared  to  a  system  that  has 
the  same  range  resolution  without  using  pulse 
compression  and  the  same  peak  transmit 


power).  The  data  collection  time  reductions 
are  achieved  through  a  higher  transmit  signal 
bandwidth  which  provides  improved  range 
resolution  (smaller  resolvable  range  cells), 
which  are  averaged  as  independent  samples  of 
the  return  signal  to  achieve  accurate  spectral 
moment  estimates.  Pulse  compression  can  be 
used  to  change  the  way  that  radars  perform 
weather  surveillance.  Figure  4  depicts  current 
weather  radar  surveillance  technology,  and 
weather  surveillance  technology  employing 
pulse  compression.  Present  weather 

surveillance  technology  uses  a  mechanically 
scanned  reflector  antenna  with  long  multiple 
pulse  coherent  dwells  using  uncoded  transmit 
pulse  over  a  single  transmit  /  receive  channel. 

Many  tactical  radars  have  properties  that 
provide  significant  capability  for  weather 
surveillance.  As  explained  above,  pulse 
compression  provides  significant  performance 
enhancements  in  the  way  of  increased 
sensitivity  and  reduced  data  collection  times. 
Since  most  tactical  sensors  employ  transmit 
waveforms  that  are  of  much  higher  bandwidth 
than  a  typical  weather  radar  these  advantages 
are  easily  employed  in  a  TWR. 

Also,  many  tactical  sensors  are  electronically 
scanned  phased  arrays  (scanning  either  1D  or 
2D),  and  this  property  of  tactical  sensors  also 
provides  significant  benefits  to  weather 
surveillance.  In  general,  an  electronically 
scanned  phased  array  can  scan  a  volume  faster 
than  a  mechanically  scanned  array  because  of 
mechanical  scan  speed  limitations  that  are 
applicable  to  electronic  scanning.  In  addition, 
a  phased  array  can  employ  time  division 
multiplexing  of  beams  to  collect  data  faster. 
Time  division  multiplexing  collects  data  from 
multiple  beam  positions  at  a  singe  time  on  one 
transmit  channel,  by  transmitting  and  receiving 
at  each  beam  position  for  only  a  limited 
amount  of  time  during  each  pulse  [9].  Another 
advantage  of  electronic  scanning  is  the  inertia¬ 
less  beam  pointing.  Scan  modulation 
introduces  a  bias  error  into  the  spectral  width  by 
amplitude  modulating  the  return  signals 
because  the  point  on  the  beam  at  which  the 
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Figure  4:  Comparison  of  weather  surveillance  radar  strategies 


return  is  measured  changes  during  the  dwell  as 
a  result  of  the  mechanical  scanning.  Using  a 
two  dimensional  electronically  scanned  phased 
array  eliminates  the  scan  modulation  that  is 
inherent  in  a  mechanicaliy  scanned  system,  a 
one  dimensional  electronic  scan  will  reduce 
but  not  eliminate  scan  modulation  since  it  still 
mechanically  scans  in  one  dimension. 

Mechanically  scanned  systems  use  fixed  radar 
resource  scheduling,  and  do  not  normally  stray 
from  this  fixed  scan  sequence.  Phased  arrays, 
however,  can  dynamically  allocate  resources  to 
various  functions  to  enable  multiple  prioritized 
functions  to  be  built  into  the  same  sensor.  In 
addition,  resource  allocation  can  be  optimized 
to  provide  full  functionality  for  each  function 

based  on  it’s  radar  resource  requirements.  The 
radar  can  allocate  resources  to  the  function 
with  the  highest  priority  requiring  resources  at 
that  time,  and  can  accommodate  new 
functions  like  dedicated  weather  dwells  which 
provide  significantly  improved  functionality. 

Many  tactical  radars  utilize  multiple 

simultaneous  transmit  /  receive  channels  which 
enables  the  radar  to  collect  data  from  multiple 
operating  frequencies,  beam  positions, 

polarizations,  etc,  at  one  time.  For  weather 
surveillance,  these  channels  can  be  used  to 
collect  the  independent  samples  that  are 

required  to  reduce  the  variance  of  the  spectral 
moment  estimates  as  discussed  previously. 

In  most  tactical  sensors  operating  doctrine, 
there  are  multiple  radar  scans  that  comprise  the 


radar’s  full  scan  capabilities.  These  scans  can 
be  single  pulse  horizon  search  and  volume 
search  scans,  multiple  pulse  horizon  and 
volume  search  scans,  single  pulse  and  multiple 
pulse  track  scans,  and  many  others.  These 
individual  scans  may  have  properties  which 
can  be  exploited  in  the  collection  of  weather 
data.  In  addition,  the  multifunction  scans  allow 
new  scans  to  be  added  that  may  allow 
improved  weather  data  collection  but  also  have 
some  benefits  for  tactical  operation,  such  as  a 
pulsed  doppler  dwell  on  the  horizon  for  a  sensor 
that  does  not  currently  employ  such  a  scan. 
This  dwell  provides  capability  for  both  weather 
and  tactical  operations  by  improving  the 
surface  clutter  spectrum  characterization. 

4.0  Theater  Met  Data  Collection  Concept 

The  TWR  concept  enables  Theaterwide 
weather  data  collection  and  assimilation.  This 
concept  calls  for  a  multitude  of  tactical  sensors 
deployed  throughout  the  theater  to  collect 
weather  information  in  the  TWR  fashion,  and  to 
share  this  information  and  also  to  provide  the 
information  to  Fleet  Numeric  or  other 
forecasting  organizations.  The  weather  data, 
basic  spectral  moments,  advanced  weather 
products  and  forecasts  -  including  short  term  in 
situ  forecasts,  can  be  used  at  each  sensor  for 
performance  optimization  and  at  theater 
command  and  throughout  the  theater  for 
planning,  execution  and  evaluation  of  all 
operations.  Figure  5  shows  a  concept  for  a 
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theaterwide,  TWR  based,  weather  data 
collection  and  assimilation  concept. 

The  theaterwide  data  collection  concept 
allows  weather  information  to  be  collected  at 
sea,  at  the  land-sea  interface,  and  inland  as 
much  as  300  miles  or  more  to  the  target  area 
using  multiple  deployed  tactical  sensors  aboard 
ship,  deployed  inland,  and  airborne.  The 
amount  and  type  of  weather  information 
collected  will  depend  on  the  deployment  of 
each  of  the  sensors  in  the  theater,  and  the 
tactical  weather  radar  capability  built  into  each 
of  the  sensors  used  to  collect  the  data. 

The  inherent  line  of  sight  for  each  type  of 
sensor  (shipborne,  land  based,  or  airborne) 
limits  the  weather  data  collection  capability. 
For  shipborne  sensor  weather  capabilities  using 
the  TWR  concept,  an  inherent  line  of  sight 
range  capability  is  on  the  order  of  50  -  100 
Miles  inland  depending  on  the  deployment  of 
the  ship  in  relation  to  the  shore.  A  shipborne 
weather  capability  will  have  a  range  extent  of 
approximately  150  miles.  The  shipborne 
weather  capability  will  be  useful  in  collecting 
data  for  the  detection  of  storms,  the  mapping 
three  dimensional  winds,  and  the  detection  of 
cloud  layers.  For  land  based  sensor  weather 
capabilities  using  the  TWR  concept,  an 
inherent  line  of  sight  range  capability  is  on  the 
order  of  100  to  150  miles  inland  depending  on 
the  deployment  of  the  land  based  sensor  in 
relation  to  the  shore  and  the  sensitivity  of  the 
sensor.  A  land  based  weather  capability  will 
have  a  range  extent  of  approximately  50  to  150 
miles.  The  land  based  weather  capability  will 
be  useful  in  collecting  data  for  the  detection  of 
storms,  and  the  mapping  of  three  dimensional 
winds.  For  airborne  sensor  weather  capabilities 
using  the  TWR  concept,  an  inherent  line  of 
sight  range  capability  is  on  the  order  of  150  to 
300  miles  inland  depending  on  the  flight  path 
of  the  airborne  sensor  in  relation  to  the  shore 


and  the  sensitivity  of  the  sensor.  An  airborne 
weather  capability  will  have  a  range  extent  of 
approximately  100  to  200  miles.  The  airborne 
weather  capability  will  be  useful  in  collecting 
data  for  the  detection  of  storms.  The  detection 
range  extent  for  each  type  of  system  will  be 
dependent  on  the  sensitivity  of  the  system 
(transmit  power,  antenna  gains,  losses,  etc.). 
The  sensitivity  of  the  systems  varies  greatly  from 
sensor  to  sensor,  such  the  weather  sensing 
capabilities  will  also  vary  greatly.  Each  of  the 
three  types  of  sensor  will  be  able  to  provide  the 
three  primary  spectral  moments  along  with  any 
of  the  advanced  weather  products  that  are 
generated  for  each  application. 

A  variety  of  sensors  can  be  used  in  the  TWR 
concept.  Table  1  shows  properties  and 
functionality  for  a  number  of  radars.  The  three 
current  generation  radars  used  by  the  National 
Weather  Service  (NWS)  and  the  Federal 
Aviation  Administration  (FAA)  for  weather 
surveillance  are  included:  Next  Generation 
Doppler  Weather  Radar  (NEXRAD)  -  NWS, 
Terminal  Doppler  Weather  Radar  (TDWR)  - 
FAA,  Airport  Surveillance  Radar  -  9  (ASR-9)  - 
FAA.  Also  included  in  the  table  are  list  of 
tactical  sensors  that  could  be  used  with  a  TWR 
adjunct  processor  to  provide  weather  data 
collection  capabilities.  Included  are  shipborne 
sensors  (AN/SPY-1,  AN/SPN-43,  AN/SPS-48, 
AN/SPS-49),  ground  based  sensors  (TPQ-37 
and  Patriot  Radar),  and  an  airborne  sensor 
(AWACS  radar).  In  each  case,  the  tactical 
radars  selected  share  some  of  the  aspects  of  the 
three  operational  weather  sensors.  In  general, 
all  of  the  tactical  sensors  use  pulse 
compression  (some  also  use  uncoded 
waveforms)  and  achieve  fine  range  resolution 
and  increased  sensitivity  as  a  result.  The  range 
resolution  is  in  general  smaller  than  that  of  the 
three  operational  weather  sensors.  The  tactical 
sensors  have  sensitivities  that  vary  widely  as  a 


Figure  5:  Theaterwide  meteorological  data  collection  through  data  fusion  from  multiple  sensors 
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Table  1:  Tactical  weather  radar  candidate  sensor  comparison  with  weather  radars 


Radar  /  Property 

NEXRAD 

TDWR 

ASR-9 

SPY-1 

TPQ-37  1 

ISMQSilSflHi 

2.7 -3.0 

C-band 

2.7-2.9 

S-band 

S-band 

Power 

750  kW 

250kW 

1  MW 

High 

Low 

PRF 

1  kHz  nom. 

1  kHz  nom. 

1  kHz  nom. 

can  achieve 

can  achieve 

Uncoded 

uncoded 

uncoded 

coded 

uncoded /coded 

HHBIIS393!IS9lli 

Multiple  pulse 

wigigiamiif.iij.iiiyj 

0.25  and  1.0  km 

0.25  and  1 ,0  km 

150  m 

can  achieve 

can  achieve 

1°  pencil 

1°  pencil 

Fan 

Pencil 

Pencil 

Antenna  type 

Rotating  reflector 

Rotating  reflector 

Rotating  reflector 

Function 

Weather 

surveillance 

Hazardous  Weather 
surveillance  /  Aviation 
weather 

Air  Traffic  Control  / 
Weather  Surveillance 

Volume  &  horizon 
search  /  track,  Missile 
commun.  &  fire  control 

Firefinder/ Counter 
battery 

Radar/ Property 

AWACS 

AN/SPN-43 

AN/SPS-  48 

AN/SPS- 49 

Patriot 

BSBIHHi 

SBand 

SBand 

S  band 

Lband 

C-Band 

I  Power 

Low /medium 

-850  kW 

High 

High 

High 

I  PRF 

can  achieve 

can  achieve 

can  achieve 

can  achieve 

can  achieve 

uncoded  /  coded 

coded 

coded 

coded 

■simiaiaiiiiiiaBriiiEa 

I  Range  resolution 

can  achieve  in 
“Maritime  Mode” 

can  achieve 

can  achieve 

can  achieve 

can  achieve 

Fan 

Pencil 

Pencil 

Fan 

Pencil 

Rotating  reflector 

■;i.ifcui.i.i.iy.yj-.i.Tf 

Rotating  reflector 

1  Function 

Airborne 

surveillance 

Aircraft  approach 

Surveillance  &  tracking 
-  long  range  &  horizon 

Long  Range  Air 
Surveillance  and  Track 

/\AW  /  Firecontrol 

result  of  their  different  operating  frequencies, 
beamwidths,  peak  transmit  powers,  pulsewidths, 
etc.  but  in  most  cases,  they  provide  sufficient 
sensitivity  to  match  or  exceed  at  least  one  of 
the  three  sensors  and  can  provide  weather 
surveillance  over  a  limited  range  extent. 


more  efficient  air  strikes,  helo  operations  and 
aircraft  carrier  operations.  The  nowcasts  and 
detection  of  weather  phenomena  by  the  TWR 
provide  the  warfighter  with  winds,  wind  shear, 
gust  fronts,  as  well  as  cloud  tops  and  bottoms, 
and  storm  extent  and  structure. 


5.0  Benefits  to  the  Warfighter 

The  TWR  provides  many  benefits  to  the 
warfighter  deployed  throughout  the  theater. 

For  forecasting  and  modeling  of  weather 
phenomena  and  its  movement,  the  TWR 
weather  data  provides  improved  accuracy, 
resolution,  and  timeliness  of  weather 
forecasting  to  warfighters.  The  TWR  weather 
data  collection  is  an  enabling  technology  for 
in-situ  forecasting  models,  allowing  the 
warfighter  to  have  direct  access  to  forecasting 
and  modeling  data  within  the  theater.  The 
TWR  allows  rapid  and  accurate  local  nowcasts 
(short  term  forecasts).  It  provides  high  resolution 
local  measurements  to  warfighters  throughout 
the  theater.  Improved  forecasting  capabilities 
supports  safer,  more  efficient  littoral, 
amphibious  and  expeditionary  operations, 
improved  force  mobility,  and  improved  long 
term  and  global  forecasts  from  Fleet  Numeric 
and  other  forecasting  operations. 

For  aircraft  operations,  the  nowcasts  provided 
by  the  TWR  generate  weather  information  up  to 
and  over  the  target  area  which  support  safer. 


The  TWR  weather  data  can  improve  force  self 
defense  and  area  anti-air  warfare  (AAW)  for 
each  sensor.  The  sensitivity  of  the  sensors  can 
be  improved  in  two  ways.  First,  the  radar  system 
can  lower  its  detection  thresholds  (added 
sensitivity  by  detecting  smaller  targets)  in  the 
presence  of  clutter,  which  would  inherently 
generate  more  clutter  detections  that  can  be 
screened  by  the  detailed  clutter  map.  Second, 
the  waveform  selection  process  uses  the 
detailed  clutter  map  to  choose  the  proper 
waveform  parameters  (number  of  pulses,  pulse 
repetition  frequency,  etc.)  based  in  the 
reflectivity,  mean  velocity  and  spectrum  spread 
of  the  clutter  in  the  region  of  the  transmission. 

The  radar  system  will  have  better  radar  resource 
management  and  improved  awareness  through 
the  clutter  map.  Clutter  tracks  can  be  reduced, 
eliminating  resources  required  to  “track  clutter”. 
In  addition,  waveform  selection  can  be  made 
more  efficiently  eliminating  the  need  to  revisit 
beam  positions  with  multiple  dwells  with  varied 
parameters  to  achieve  the  necessary  clutter 
visibility.  The  clutter  map  can  also  be  used  in 
conjunction  with  detection  reports  to  infer 
propagation  conditions.  The  detection  results 
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can  confirm  if  surface  tracks  appear  at  higher 
elevations  meaning  that  a  surface  duct  exists. 
This  can  substantiate  or  refute  the  predicted 
propagation  conditions  and  their  homogeneity, 
particularly  between  propagation  condition 
measurements.  The  improved  situational 
awareness  provided  by  the  weather  data  can  be 
useful  in  capability  assessment  for  tactical 
decision  aids  (TDAs)  for  a  sensor.  The  SPY  -1 
system  has  a  TDA  called  the  AEGIS  Tactical 
Assessment  Capability  (ATAC)  that  provides 
insight  into  the  AEGIS  Weapons  System’s 
performance  against  a  threat  given  the  current 
environmental  conditions  and  system  status. 

For  Tactical  Ballistic  Missile  (TBM)  missions, 
TWR  provides  improved  battlespace  awareness 
through:  assessment  of  cloud  cover  (by  cloud 
layer  detection),  detection  of  three  dimensional 
wind  fields  and  spectral  characterization  of  the 
environment.  The  cloud  cover  assessment  and 
storm  structure  supports  the  seeker  selection  for 
the  defensive  missile,  to  assure  that  IR  seekers 
are  not  blind  during  an  engagement  in  clouds 
or  storms.  The  wind  field  maps  aid  in  the 
prediction  of  the  dispersion  of  the  cloud 
produced  by  the  warhead  within  the  TBM.  The 
winds  fields  and  spectral  characterization  aid  in 
the  analysis  of  the  environment  within  a  TBM 
complex  for  kill  assessment  and  perhaps  debris 
discrimination.  Wind  fields  and  spectral 
characterization  can  aid  in  the  engagement 
process  if  enough  time  is  available  and 
resources  are  limited,  the  engagement  decision 
can  be  influenced  by  the  predicted  impact 
point  and  the  anticipated  dispersion  cloud 
movement  in  relation  to  forces  and  civilians. 

In  Chemical,  Biological  and  Radioactive 
scenarios  (CBR),  wind  fields  can  be  used  in 
much  the  same  way  it  is  used  for  TBM. 
Dispersion  models  can  be  driven  with  measured 
3D  winds  rather  than  point  measurements  and 
modeled  winds.  Impact  zones  can  be 
determined  using  the  winds  information.  Also, 
the  TWR  wind  data  can  improve:  the 
engagement  decisions,  force  mobility  in  the 
impact  area,  and  evacuation  of  forces  and 
civilians  from  impact  areas  and  areas  of 
anticipated  dispersion  cloud  contamination. 

The  winds  information  aids  all  types  of  fire 
support  with  improved  accuracy  of  weapon 
delivery  from  measured  accurate  and  timely  3D 
winds  not  point  measurements  or  modeled 
winds,  both  at  the  gun  and  over  the  target  area. 
Naval  Surface  Fire  Support  and  Army  ground 
based  counterbattery  fire  will  both  be  supported 
with  accurate  ballistic  corrections.  Also,  the 


clutter  maps  will  aid  the  fire  support  in 
identification  of  chaff  for  improved  tracking. 

6.0  Summary 

A  concept  for  the  collection  of  weather 
information  from  tactical  sensors  has  been 
presented.  This  concept  has  wide  applicability 
for  sensors  deployed  throughout  the 
battlespace.  The  data  collected  from  the 
various  sensors  can  be  fused  to  yield  a  picture 
of  the  propagation  and  clutter  conditions  within 
the  theater.  In  addition,  3D  wind  fields  and 
other  advanced  weather  products  such  as  storm 
tracks  and  storm  structure  can  be  generated 
and  made  available 

The  weather  data  has  wide  reaching  benefits 
for  the  warfighter.  Beginning  with  improved 
performance  of  each  sensor,  as  well  as  aiding 
in  the  capability  assessment  of  each  sensor.  In 
addition,  the  data  aids  in  more  efficient,  safer 
operations  throughout  the  battlespace,  from 
amphibious  and  landing  operations,  to 
expeditionary  operations  and  force  mobility  to 
air  operations. 
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Abstract: 

Meteorological  conditions  affect  almost  every  aspect  of 
naval  warfighting  operations.  Precipitation  and  winds  af¬ 
fect  the  operational  tempo  of  combat  forces  at  sea.  dur¬ 
ing  amphibious  operations,  and  during  aviation  opera¬ 
tions.  Precipitation  generates  a  clutter  environment  that 
degrades  electromagnetic  and  eiectro-optical  sensor 
performance.  Specific  propagation  paths,  such  as  sur¬ 
face  ducts,  can  develop  which  greatly  affect  an  electro¬ 
magnetic  sensa’s  performance.  Wind  fields  affect  bal¬ 
listic  weapon  trajectories  and  the  dispersion  of  chemical 
arfo  biological  agents  which  are  becoming  more  com¬ 
mon  as  warheads.  If  measurements  can  be  accurately 
made  of  environmental  conditions,  the  warfighter  can  be 
better  prepared  to  adjust  operational  schedules,  sensor 
employment,  and  weapon  deployment  to  complete  a 
specific  mission. 

Using  innovative  signal  processing  techniques, 
Lockheed  Martin  Corporation,  Government  Electronic 
Systems,  is  currently  exploring  the  use  of  a  tactical  multi¬ 
function  shipborne  radar,  the  AN/SPY-1  B/D,  for  the 
measurement  of  meleorlogical  conditions.  The  SPY-1 
radar’s  normal  tactical  waveforms,  if  processed  correctly, 
can  provide  maps  of  reflectivity,  scatterer  mean  radial  ve¬ 
locity,  and  spec^um  width  (indicative  of  turbulence  and 
wind  shear)  throughout  a  search  volume.  This  can  be 
done  without  intem^ion  to  the  radar’s  tactical  scan. 
These  measurements  are  often  referred  to  as  the  three 
spectral  momenfo  in  radar  meteorology.  Application  of 
advanced  signal  processing  techniques  allow  for  the 
SPY-1  to  make  these  measurements  using  coded  tacti¬ 
cal  waveforms  and  a  very  small  number  of  pulses  (where 
traditionally  uncoded  waveforms  artd  long  pulse  doppler 
dwells  have  been  required  for  weather  obsenrations). 

Overview  of  Conventional  Radar  Me¬ 
teorology  Techniques: 

The  National  Weather  Service’s  newest  doppler 
weather  radar,  NEXRAD,  measures  precipitation 
intensity  and  charactristics  of  wind  fields  of  a 
storm.  These  radars  have  been  deployed  through¬ 
out  the  U.S.,  and  they  provide  the  up-to-the-min¬ 
ute  mosaics  of  weather  conditions  now  available 
throughout  the  country. 

Measurements  are  generally  made  of  three  basic 
spectral  moments:  reflectivity  (a  measure  of  scat¬ 
terer  density),  mean  radial  velocity,  and  spectrum 
width  (an  indicator  of  turbulence  and  shear).  NEX¬ 
RAD  takes  measurements  of  these  characteristics 
using  the  pulse  pair  processing  technique  on  data 


taken  from  long  sequences  of  uncoded  pulses.  In 
this  technique,  measurements  of  received  signal 
power  and  characteristics  of  the  first  lag  of  the 
weather  signal’s  autocorrelation  function  are  used 
to  generate  estimates  of  the  three  spectral  mo¬ 
ments.  it  should  be  noted  that  estimates  of  these 
three  moments  can  be  made  through  pulse  pair 
processing  without  actually  generating  a  spectrum 
of  the  weather  signal.  The  relationship  between 
pairs  of  pulses  is  enough  to  provide  information  on 
signal  intensity,  mean  radial  velocity,  and  the  width 
of  the  weather  signal  spectrum.  Use  of  long,  un¬ 
coded,  multiple  pulse  dwells  allows  for  the  radar  to 
take  a  large  number  of  samples  of  a  phenomenon 
to  make  accurate  measurements ,  and  it  allows  for 
clutter  filtering  techniques  to  be  applied  at  the  low¬ 
est  elevation  to  remove  the  effects  of  ground  clutter 
from  the  signal  spectrum. 

At  this  point,  it  is  appropriate  to  provide  a  brief  over¬ 
view  of  the  definitions  for  the  three  spectral  mo¬ 
ments.  This  discussion  is  largely  taken  from  refer¬ 
ence  [1]. 

Estimation  of  the  level  of  reflectivity  in  a  storm  is 
relatively  straight  forward.  A  number  of  samples, 
on  the  order  of  100,  are  typically  taken  of  the  re¬ 
ceived  signal  power  over  a  region  of  interest. 
These  samples  are  averaged,  and  a  conversion  is 
made  from  received  signal  intensity  to  reflectivity, 
based  on  radar  beam  width,  sample  range,  trans¬ 
mission  power,  and  system  losses.  The  reflectivity 
factor  (a  meterological  measurement)  is  calculated 
from  the  general  radar  value  of  reflectivity.  The 
term  "reflectivity  factor”  is  defined  as 

r,X^  \ 

W  Kiy 

where 

Ti  =  backscattering  cross  section  per  unit  volume, 
%.  =  transmitted  wavelength,  and 
|K|2  =  a  constant  based  on  the  backscatterers’  in¬ 
dex  of  refraction  (approximately  0.93  for  water 
phase  precipitation). 

The  reflectivity  factor  is  is  generally  described  on 
a  logarithmic  scale  (units  of  dBZ),  calculated  as  10 
logZ,  whereZ  is  in  units  of  mm^/m^.  Typical  values 
range  from  10  dBZ  (drizzle)  through  40  dBZ  (rain) 
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to  70  dBZ  (rain  and  hail).  Nonprecipitating  clouds 
have  values  ranging  from  -1 5  dBZ  to  -30  dBZ. 

Estimation  of  mean  radial  velocity  is  made  using  an 
estimate  of  the  first  lag  of  the  weather  signal’s  auto¬ 
correlation  function.  Again,  a  number  of  samples 
(on  the  order  of  1 00)  are  typically  used  to  make  this 
measurement.  The  estimate  of  the  autocorrelation 
function  is  given  as 


1  M-\ 

R(Ts)  =  -'^V*im)Vim+l). 


where  V(m)  represents  the  complex  basedband 
voltage  samples  taken  at  a  single  range  position  at 
a  sample  rate  equal  to  the  radar’s  pulse  repetition 
interval  (PRI).  In  the  most  straightforward  ap¬ 
proach,  one  sample  is  taken  each  pulse,  so  that  the 
number  of  pulses  becomes  M.  The  estimate  of 
mean  radial  velocity  becomes 


Vr  = 


arg  R(Ts) 


where 

Ts  =  the  pulse  repetition  interval  (PRI). 

This  estimator  of  mean  radial  velocity  is  not  biased 
by  white  noise.  Even  when  the  spectrum  is  not 
symmetric,  the  mean  radial  velocity  is  accurate  as 
long  as  the  weather  signal  is  contained  in  a  small 
band  relative  to  the  Nyquist  interval  which  results 
from  the  sample  rate.  More  detail  of  the  pulse  pair 
mean  velocity  estimator  is  provided  in  reference 
[1]- 

The  spectrum  width  estimator  is  a  function  of  the 
magnitude  of  the  first  lag  of  the  autocorrelation 
function.  If  this  value  is  relatively  large,  the  signal 
can  be  considered  to  be  more  coherent  (and  have 
less  spread).  If  it  is  relatively  small,  the  signal  is 
less  coherent  (and  has  more  spread).  One  spec¬ 
trum  width  estimator  is  given  as 


where 

Ri  =  the  autocorellation  estimate  evaluated  for  Tg 
equal  to  the  waveform  PRI 
S  =  the  estimate  of  signal  power  (total  received 
power  minus  noise  power). 

The  accuracy  of  the  estimates  made  using  the 
pulse  pair  technique  depends  on  several  factors. 


including  signal  to  noise  ratio  (SNR),  spectrum 
width  of  the  signal  being  measured,  and  numbers 
of  independent  samples  used  in  the  estimation  of 
signal  power  and  the  first  lag  of  the  autocorrelation 
function.  Many  tradeoffs  can  be  made  to  optimize 
the  spectral  moment  estimation  accuracy. 

If  SNR  and  signal  spectrum  width  are  held 
constant,  however,  the  number  of  independent 
samples  becomes  the  main  issue  for  spectral  mo¬ 
ment  accuracy.  In  general,  a  larger  number  of  in¬ 
dependent  samples  of  a  signal  results  in  improved 
spectral  moment  accuracy. 

There  are  a  number  of  ways  to  inaease  the  num¬ 
ber  of  independent  samples  taken  of  a  weather 
event.  Larger  numbers  of  pulses  can  be  trans¬ 
mitted  (the  most  straightforward  approach).  Multi¬ 
ple  transmission  and  receive  channels  can  be 
employed  to  take  more  than  one  sample  simulta¬ 
neously.  If  a  radar  scans  a  region  fast  enough, 
scan  to  scan  averaging  of  the  spectral  moments 
themselves  ceui  be  used  to  reduce  the  estimate 
variance.  And  finally,  range  averaging  of  the  sam¬ 
ples  taken  can  help  reduce  the  variance  of  the 
spectral  moments. 

This  last  technique  has  been  investigated  pre¬ 
viously,  as  outlined  in  reference  [2].  Range  averag¬ 
ing  is  an  attractive  option  for  collecting  an  in¬ 
creased  number  of  samples,  however  it  requires 
that  smaller  range  resolutions  be  achieved  for  indi¬ 
vidual  measurements  so  that  range  reporting  inter¬ 
vals  are  not  increased  when  these  individual  sanv 
pies  are  averted  over  range.  Coded  waveforms 
have  traditionally  been  used  in  tactical  radars  to  im¬ 
prove  range  resolution,  but  coded  waveforms  have 
not  been  used  in  operational  weather  radars  due  to 
the  degradation  of  the  weather  measurements 
from  range  sidelobes.  The  range  sidelobes  which 
result  from  coded  waveforms  have  the  effect  of 
’’smearing”  the  weather  picture,  masking  weak  fea¬ 
tures  or  sharp  reflectivity  and  velocity  changes  in 
the  face  of  stronger  signals  which  are  flooded 
through  range  sidelobes. 

Short,  uncoded  pulses  could  be  used  to  achieve 
the  better  range  resolution  required  for  range  aver¬ 
aging,  but  the  reduction  in  pulse  width  in  this  ap¬ 
proach  would  reduce  sign^  to  noise  ratio.  This 
would  result  in  larger  emors  in  the  spectral  moment 
measurements. 

Tactical  Weather  Radar  Operation: 

Many  tactical  radar  systems  share  a  set  of  com¬ 
mon  characteristics;  operation  at  or  near  S-band, 
use  of  coded  waveforms,  use  of  small  numbers  of 
pulses  (such  as  MTI  waveforms)  In  search  modes. 


542 


and  good  system  sensitivity.  These  basic  radar 
characteristics,  with  the  proper  signal  processing, 
can  produce  accurate  spectral  moments  estimates 
without  the  use  of  dedicated  waveforms. 

With  pulse  pair  processing,  it  is  not  necessary  to 
have  100  pulses  in  a  dwell  to  make  weather  mea¬ 
surements.  In  the  Tactical  Weather  Radar  (TWR) 
concept,  small  numbers  of  pulses  (typical  of  MTI 
dwells)  can  be  used  to  make  these  measurements. 
Consider  the  case  of  a  tactical  system  with  the  fol¬ 
lowing  parameters.  (Note:  these  parameters  are 
not  necessarily  reflective  of  the  SPY-1  radar  but 
are  used  here  as  an  example  and  include  charac¬ 
teristics  of  a  number  of  tactical  systems.) 


Pulse  Type:  MTi 

Number  of  Pulses:  3 

#  Simult.  Trans/Rec  Channels;  3 

Range  Resolution:  50  m 

Reporting  Range  Required:  500  m 

Waveform  Coding:  Yes 


Using  traditional  radar  processing  with  only  pulse 
to  pulse  averaging,  there  would  be  3  pulses  and  2 
pulse  pair  groups  to  make  spectral  moment  esti¬ 
mates.  However,  this  fictional  tactical  radar  has 
three  channels  from  which  to  collect  data  and  500 
meters  over  which  to  average  results  prior  to  re¬ 
porting  the  spectral  moment  data.  Therefore,  the 
total  number  of  samples  becomes  90  (3  x  3  x  10), 
and  the  total  number  of  pulse  pairs  becomes  60  (2 


X  3  X 1 0).  Although  3  pulse  samples  and  2  lag  sam¬ 
ples  are  not  adequate  for  estimation  of  the  three 
spectral  moments,  90  pulse  samples  and  60  lag 
samples  are  generally  adequate. 

The  use  of  a  coded  waveform,  however,  poses 
another  problem.  Coded  waveforms  result  In 
range  sidelobes  that  smear  weather  measure¬ 
ments  in  range.  Range  sidelobe  suppression  tech¬ 
niques  can  be  used  to  reduce  the  effect  of  range 
sidelobes.  However,  these  techniques  (such  as 
sidelobe  suppression  filters  and  inverse  filters)  de¬ 
grade  quickly  in  the  presence  of  doppler  shifts  in 
the  received  signal.  Therefore,  doppler  tolerant 
techniques  must  be  applied. 

Lockheed  Martin  developed  a  doppler  tolerant 
range  sidelobe  suppression  technique  that  has 
been  successfully  demonstrated  in  research  ra¬ 
dars  for  Federal  Aviation  Administration  (FAA)  ap¬ 
plications  (see  references  [3],  [4],  [5],  and  [6]).  A 
signal  processor  testbed  has  been  developed  as 
part  of  these  investigations,  and  this  testbed  is  be¬ 
ing  used  to  process  SPY-1  data  In  this  experiment. 
In  the  FAA  case,  a  coded  pulse  doppler  waveform 
was  used  to  make  spectral  moment  measure¬ 
ments.  In  this  experiment,  the  technique  is 
adapted  for  MTI  waveform  processing,  and  single 
pulse  coded  waveform  processing.  Consider  fig¬ 
ure  1  which  illustrates  the  TWR  signal  processor 
testbed. 


This  figure  outlines  three  of  the  processing  ap¬ 
proaches  used  in  the  experiment.  First,  a  proces¬ 
sing  approach  for  a  3  pulse  MTI  system  is  pres¬ 
ented.  In  this  case,  each  of  the  simultaneous 
channels  of  the  radar  system  is  processed  sepa¬ 
rately,  and  the  results  are  averaged  once  the  auto¬ 


correlation  function  estimate  is  made.  A  Discrete 
Fourier  Transform  (DFT)  is  performed  across  the 
three  samples  taken  at  each  range  interval.  Phase 
compens^on  is  applied  so  that  the  combined 
pulse  compression  (PC)  /  sidelobe  suppression 
(SLS)  filter  is  matched  to  each  of  the  three  outputs 
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of  the  DFT.  After  PC/SLS  filtering,  an  Inverse  DFT 
is  taken  to  produce  the  3  pulse  sequence  that  is 
used  in  pulse-pair  processing.  The  results  of  the 
pulse  pair  processing  (estimates  of  total  signal 
power  and  the  first  lag  of  the  signal’s  autocorrela¬ 
tion  function)  are  then  averaged  over  multiple 
pulses,  multiple  channels,  and  over  range  to  pro¬ 
duce  a  result  which  accurately  reflects  the  weather 
spectrum  characteristics. 

The  second  approach  is  appropriate  for  a  single 
pulse  waveform.  In  a  single  pulse  waveform,  no 
doppler  phase  compensation  is  possible  since  only 
one  pulse  is  transmitted.  However,  measurements 
can  still  be  made  of  reflectivity.  Since  most  tactical 
systems  use  something  like  MTI  in  regions  where 
clutter  (such  as  precipitation)  is  expected,  it  is 
probable  that  a  multiple  pulse  waveform  will  be 
transmitted  in  regions  of  precipitation. 

The  last  signal  processing  path  represents  that  of 
the  NEXRAD  waveform.  No  pulse  compression  is 
used  since  the  waveforms  are  uncoded.  Almost  all 
averaging  is  done  over  pulses.  Therefore,  the  pro¬ 
cessing  approach  is  simpler  but  requries  a  large 
number  of  pulses  to  be  transmitted  in  each  beam 
position  to  make  the  desired  measurements  (on 
the  order  of  60  or  1 00). 

Outline  of  Experiment: 

The  primary  goal  of  this  experiment  is  to  determine 
what  weather  information  can  be  gained  through 
processing  of  normal,  tactical  search  waveform 
data  through  a  separate  signal  processor.  A  se¬ 
cond  goal  of  the  experiment  is  to  determine  what 
dedicated  dwells  would  be  required  to  provide  for 
measurements  of  additional  phenomena  not  cov¬ 
ered  by  typical  search  dwells.  It  is  expected  that 
dedicated  weather  dwells  are  appropriate  when 
very  low  reflectivity  phenomena  are  being  ob¬ 
served,  and  when  surface  clutter  filtering  is  desired 
to  remove  the  effects  of  surface  clutter  from  the 
weather  spectral  moment  estimates. 

The  experiment  consists  of  an  equipment  prepara¬ 
tion  period  followed  by  three  data  collection 
phases.  The  equipment  installation  period  is  re¬ 
quired  to  install  a  data  tap  so  that  raw  radar  data 
can  be  extracted  from  the  signal  processor  and 
stored  for  post-mission  processing  and  analysis. 
The  first  data  collection  phase  is  the  Baseline  data 
set  and  is  required  to  test  out  the  data  tap,  general 
data  quality,  and  the  software  patches  required  to 
control  the  radar  in  a  manner  that  will  allow  for  the 
collection  of  appropriate  experimental  weather 
data.  Lessons  learned  in  this  portion  of  the  experi¬ 


ment  were  applied  to  subsequent  data  collection 
sets  to  improve  data  collection  and  data  proces¬ 
sing  techniques.  The  second  data  collection  phase 
is  the  Proof  of  Concept  data  set,  and  it  primarily  in¬ 
volves  the  collection  of  precipitation  data  to 
compare  the  results  of  the  SPY-1  radar  with  those 
of  a  nearby  NEXRAD  doppler  weather  radar  taken 
simultaneously.  It  is  during  this  phase  of  the  ex¬ 
periment  that  SPY-1 ’s  ability  to  collect  precipita¬ 
tion  weather  data  is  assessed.  The  last  data 
collection  phase  is  the  Clear  Air  Observations  data 
set  in  which  specialized,  dedicated  waveforms  will 
be  used  to  investigated  SPY-1 ’s  ability  to  detect 
low  obsenrable  weather  phenomena  such  as  clear 
air  turbulence  and  cloud  layers.  This  paper  primari¬ 
ly  deals  with  data  collected  during  the  Proof  of  Con¬ 
cept  data  set. 

Two  basic  types  of  comparisons  are  used  in  the 
Proof  of  Concept  data  set  to  determine  the  accura¬ 
cy  of  SPY-1  weather  measurements  using  tactical 
waveforms.  Rrst,  reflectivity  maps  taken  from  a 
SPY-1  radar,  located  at  the  Navy’s  Combat  Sys¬ 
tem  Engineering  Development  (CSED)  Site  in 
Moorestown,  NJ,  are  compared  with  those  taken 
from  a  nearby  NEXRAD.  The  NEXRAD  is  located 
approximately  44  kilometers  to  the  East  of  the 
SPY-1  radar.  Coverage  ofthe  two  radars  overlaps 
over  much  of  New  Jersey.  Data  collection  events 
were  focused  on  central  and  northern  New  Jersey, 
extending  past  New  York  City  to  the  North  in  some 
cases.  Reflectivity  measurements  do  not  depend 
upon  radar  aspect  relative  to  the  phenomenon 
measured  (assuming  neither  r^ar  is  attempting  to 
make  measurements  beyond  the  radar  horizon). 
Therefore,  comparison  of  results  from  two  radars 
is  appropriate  for  this  investigation. 

When  comparing  radial  velocity,  however,  r^ar 
aspect  angle  is  important.  Two  radars  viewing  a 
single  storm  ceil  will  make  two  different  radial  ve¬ 
locity  measurements  if  they  are  not  colocated.  In 
this  case,  it  is  desirable  to  transmit  both  waveform 
types  (SPY-1  and  NEXRAD)  from  a  single  radar 
without  any  delay  between  the  two  and  compare 
the  results.  In  this  experiment,  software  patches 
to  the  computer  program  which  controls  the  radar 
allows  SPY-1  to  transmit  an  uncoded  waveform 
which  is  very  similar  to  NEXRAD’s.  In  each  beam 
position,  SPY-1  is  configured  to  transmit  the  NEX¬ 
RAD  waveform  followed  immediately  (within  milli¬ 
seconds)  by  a  SPY-1  waveform.  The  results  from 
the  two  waveforms  can  then  be  compared  for  the 
entire  search  region. 

Spectrum  width  measurements  can  be  evaluated 
by  using  both  ray  trace  comparisons  with  data  tak- 
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en  from  SPY-1  alone,  and  from  spectrum  width 
maps  taken  from  SPY-1  and  NEXRAD. 

Results  from  two  Precipitation 
Events: 

Two  sets  of  results  are  presented  in  this  paper. 
One  is  from  a  precipitation  event  that  passed 
through  southern  New  Jersey  on  June  19, 1996. 
The  other  is  from  one  which  passed  through  on  Au¬ 
gust  21, 1996.  The  June  data  is  presented  first. 
These  data  are  typical  of  those  collected  through¬ 
out  the  summer  collection  events. 

Two  basic  comparisons  are  presented  in  the  June 
1 9  data.  First,  a  comparison  is  made  between  the 
spectral  moment  estimates  made  from  an  MTI  wa¬ 
veform  transmitted  from  the  SPY-1  radar  at 
CSEDS  and  the  spectral  moment  estimates  made 
from  an  uncoded  NEXRAD  dwell  sequence  from 
the  same  radar. 

Figure  2  shows  a  comparison  of  reflectivity  mea¬ 
surements  from  the  MTI  and  NEXRAD  waveforms. 
The  estimates  from  the  MTI  waveform  (solid  line) 


match  well  with  the  reflectivity  estimates  made  a 
few  milliseconds  later  with  the  NEXRAD  wavefonn 
(dashed  line).  The  estimates  were  averaged  to  a 
1  kilometer  range  interval,  typical  of  the  reporting 
intervals  required  for  most  of  the  reflectivity  based 
weather  products  used  by  the  National  Weather 
Service.  It  should  be  noted  that  the  reflectivity 
traces  match  well  even  over  steep  gradients,  such 
as  the  one  located  at  the  range  interval  between  1 0 
and  13  kilometers.  This  is  a  reflectivity  shift  of 
approximately  35  dBZ.  It  is  in  steep  gradient  re¬ 
gions  where  range  sidelobe  corruption  is  expected 
to  have  the  greatest  impact  on  spectral  moment 
measurements.  The  traces  continue  to  match  well 
over  a  low  reflectivity  region  at  a  range  of  39  kilo¬ 
meters,  and  over  a  variety  of  peaks  and  valleys. 
The  variations  between  the  between  the  SPY-1 
waveform  and  NEXRAD  waveform  reflectivity  esti¬ 
mates  are  reflective  of  the  random  nature  of  the 
weather  phenomenon,  and  match  the  level  of  vari¬ 
ance  expected  of  these  estimates. 
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Figure  3  illustrates  the  performance  of  the  mean 
velocity  estimator  for  both  the  MTI  waveform  and 
a  NEXRAD  waveform  transmitted  from  SPY-1. 
These  radial  velocity  estimates  were  taken  from 
the  same  pulses  as  the  previously  presented  re¬ 
flectivity  estimates.  Once  again,  the  measure¬ 
ments  made  from  the  SPY-1  waveform  match  well 
with  those  from  the  NEXRAD  uncoded  waveform. 


A  number  of  detailed  features  can  be  seen  along 
both  radial  velocity  traces.  The  radial  velocity  val¬ 
ues  presented  here  are  in  meters  per  second 
(double  these  values  to  approximate  speed  in 
knots). 

Figure  4  shows  a  comparison  between  spectrum 
width  values  generated  by  an  MTI  waveform  and 
those  generated  from  an  uncoded  NEXRAD  wave¬ 
form  also  transmitted  from  the  CSEDS  SPY-1  ra- 
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Figure  3:  velocity:  SPY-1  waveform  (solid),  NEXRAD  (dashed) 
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dar.  The  MTI  waveform  values  are  represented  by 
a  solid  line,  and  the  NEXRAD  waveform  values  are 
represented  by  a  dashed  line.  The  spectmm  width 
estimation  usually  appears  to  have  a  relatively  high 
variance  (appears  to  be  more  noisy)  than  the  other 
moments.  However,  both  wavefonn  types  are  re¬ 
porting  very  similar  values  and  the  same  trends 
over  the  full  range  interval.  Large  spectrum  width 
values  (indicating  phenomena  sudi  as  shear  and 
turbiulence)  appear  at  approximately  8  kilometers. 
Small  spectrum  width  values  are  reported  by  both 
waveforms  at  a  range  of  approximately  55  kilom- 
ters. 

In  the  spectrum  width  calculation  described  pre¬ 
viously,  it  is  necessary  to  take  the  ratio  of  total  sig¬ 
nal  power  (total  received  power  minus  the  receiver 
noise  power)  to  the  magnitude  of  the  first  lag  of  the 
autocorrelation  function.  Since  the  estimated  re¬ 
ceiver  noise  is  subtracted  from  total  noise  power, 
and  since  the  total  received  power  is  an  estimate 
with  a  nonzero  variance,  sometimes  the  result  is 
that  the  total  signal  power  value  is  actually  smaller 
than  the  absolute  value  of  the  first  1^.  In  theory 
this  is  impossible,  but  it  occurs  as  a  result  of  the  er¬ 
rors  inherent  in  any  measurement  where  noise  is 
pr^esent.  Therefore,  sometimes  the  spectrum 
width  value  may  not  be  a  valid  one.  In  these  cases, 
the  value  is  flagged  and  not  used. 

In  the  spedbum  width  comparison  shown  here, 
these  invalid  estimates  are  marked  with  an  V  for 
the  NEXRAD  waveform  and  with  a  small  verb'cal 


line  for  the  SPY-1  waveform,  along  the  x-axis  of 
the  plot.  Over  a  1 0  kilometer  region  forty  estimates 
are  displayed.  On  average  approximately  three  or 
four  e^mates  (for  the  NEXRAD  waveform  —  one 
or  two  for  the  SPY-1  waveform)  are  invalid  and 
thrown  away.  This  means  that  over  90  %  of  the  es¬ 
timates  are  valid  in  this  plot. 


The  next  results  presented  involve  errtire  maps  of 
spectral  moment  estimates.  They  are  displayed 
using  the  National  Weather  Service’s  WVS  display 
package.  In  the  first  two  color  figures  included  at 
the  end  of  this  paf^r  (Figures  5  and  6),  maps  of  ra¬ 
dial  velocity  are  displayed  for  the  same  scan  from 
which  the  previously  discussed  ray  traces  were 
taken.  ThefirstfigureisamapofSPY-1  wavefonn 
radial  velocity  estimates  taken  at  an  elevation  of 
3.6  degrees.  The  range  rings  are  provided  30  kilo¬ 
meters  apart  (measurements  are  shown  out  to 
approximately  90  kilometers).  On  the  second  plot 
the  radial  velocity  estimates  from  the  NEXRAD  wa¬ 
veform  are  displayed.  The  green  regions  indicate 
a  radial  velocity  inbound  to  the  radar  at  approxi¬ 
mately  two  meters  per  second.  The  white  region 
indicates  zero  radial  velocity  (all  motion  is  tangen¬ 
tial  to  the  radar).  The  dark  brown  region  indicates 
an  outflow  of  approximately  four  meters  per  se¬ 
cond.  The  lighter  brown  region  shows  outflows  of 
seven  meters  per  seccmd,  and  occasional  orange 
pixels  indicate  an  outflow  of  eleven  meters  per  se¬ 
cond. 
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Rgure  4:  spectrum  width:  SPY-1  Waveform  (solid),  NEXRAD  (dashed) 


Range,  Km 

The  two  plots  are  neariy  identical.  Small  regions  of  reflectivity  values  of  approximately  43  dBZ.  The 

Inflow  occur  diredty  north  of  the  radar,  with  tangen-  white  regions  show  reflectivity  values  of  38  dB7 

tialflowjustto  the  right  of  these  regions.  Thewind  The  green  regions  vary  from  33  to  23  dBZ.  Andthe 

fields  show  an  outflow  which  inaeases  asthe  radar  blue  regions  go  down  to  8  dBZ  (light  rain).  Below 

scans  to  the  East.  Detailed  features  visible  in  the  this  point,  the  SPY-1  reflectivity  maps  are  thresh- 

white  regions,  and  between  the  brown  shaded  re-  olded  (although  these  values  are  still  well  above 

gions,  are  deariy  visible  in  both  plots.  Overall,  the  the  receiver  noise  floor).  This  is  done  to  keep  the 

wind  field  illustrated  by  the  SPY-1  MTI  waveform  results  undassified  and  still  provide  valid,  useful 

matches  very  well  with  that  of  the  NEXRAD  un-  measurement  data, 

coded  pulse  doppler  waveform.  The  MTI  wave-  i-u-  j  * 

form  reduces  the  data  collection  time  for  the  vol-  P”®  was  colteded  over  a  ftme  interval  less 

ume  by  more  than  an  order  of  magnitude.  Both  P?"  10  seconds.  The  extent  of  the  refledtivy  map 

radialvelodtyplotsgenerallyagreewithstormmo-  only  by  the  experimental  data  collection 

tion  indicated  by  storm  cell  movement  and  by  radial  us6d  in  the  rn^on  (in  real  operation,  such 

velocity  plots  provided  by  the  nearby  NEXRAD.  ®  wouW  be  able  to  provide  360  degrees  of 

coverage).  The  range  nngs  are  provided  30  kilo- 

The  last  three  color  pictures,  figures  7-9,  illustrate  [tieters  a|^,  with  the  first  ring  visible  correspond- 

a  series  of  reflectivity  maps  from  an  August  storm.  to  a  range  of  60  kilometers,  relative  to  SPY-1 . 

Since  the  SPY-1  radar  has  an  agile  beam  with  a  P’®  azimuth  mark  in  the  figures  correspond  to  30 
flexible  scan,  and  since  the  MTI  waveform  can  degrees  from  North. 


make  radial  velocity  measurements  with  an  order 
of  magnitude  reduction  in  time,  the  SPY-1  radar  is 
capable  of  generating  accurate,  rapid  snapshots  of 
storm  events  not  possible  by  rotating  parabolic  an¬ 
tenna  radars  such  as  NEXRAD. 

Figure  7  is  a  composite  reflectiv'ity  plot  generated 
from  SPY-1  MTI  data.  In  composite  reflectivity 
maps,  the  largest  reflectivity  value  from  any  alti¬ 
tude  at  a  given  geographic  position  is  reported  as 
the  composite  reflectivity  for  that  position.  The  re¬ 
ports  are  made  on  a  cartesian  grid  with  a  1  kilome¬ 
ter  grid  spacing.  The  brown  region  indicates  high 


Two  distinct  cells  are  visible  in  the  first  figure.  They 
are  relatively  small  (1  to  five  pixels  in  size  for  the 
brown  region).  Velocity  plots  from  the  day  indicate 
general  stomi  motion  was  going  from  West  to  East. 

The  second  SPY-1  plot  (figure  8),  was  taken  2.5 
minutes  later.  The  same  two  cells,  as  well  as  other 
distinct  matching  features,  appear.  They  are  still 
small  in  size,  and  the  centroids  have  moved  just 
under  2  kilometers  eastward  (indicating  a  speed  of 
approximately  12  m/s,  or  about  24  knots). 

The  last  color  plot,  figure  9,  shows  the  composite 
reflectivity  map  taken  from  the  nearby  NEXRAD 
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radar  loc£tted  approximately  43  kilometers  to  the 
SSW  of  the  two  dominant  cells  near  the  center  of 
the  screen.  The  NEXRAD  radar  is  closer  to  the 
storm  cells  than  the  SPY-1  radar  is.  The  map  is 
generated  with  the  same  composite  reflectivity  cal¬ 
culation,  and  with  the  same  grid  spacing.  The  azi¬ 
muth  and  range  rings  in  this  plot  are  centered  on 
the  SPY-1  radar  located  at  the  CSED  Site.  The 
scan  used  to  collect  the  NEXRAD  data  took 
approximately  5  minutes,  a  significantly  slower 
scan  than  that  of  the  SPY-1  radar.  The  region 
scanned  by  SPY-1  is  shown  with  a  dark  border. 
The  two  cells  in  this  plot  dearly  correlate  to  the  two 
cells  in  figures  7  and  8.  The  other  general  features 
of  the  green  and  blue  regions  also  correlate  well  to 
figures  7  and  8.  However,  the  main  cell  is  signifi¬ 
cantly  l^er  in  size  and  almost  appears  as  one 
cell.  This  cell  appears  smeared  because  of  the  ef¬ 
fect  that  the  slower  NEXRAD  scan  has  on  the  com¬ 
posite  reflectivity  calculation  used  to  generate  the 
images  in  Figures  7-9.  Combination  of  Figures  7 
and  8  results  in  a  cell  which  more  dosely  re¬ 
sembles  that  of  Figure  9.  The  temporal  resolution 
gained  with  an  agile  beam  radar  using  range  aver¬ 
aging  also  improves  the  spatial  resolution  which  re¬ 
sults  from  calculations  such  as  composite  reflectiv¬ 
ity. 

Conclusions: 

Detailed  analysis  of  the  data  continues.  Efforts  are 
focused  on  Mentifying  and  analyzing  espedally 
stressing  cases,  such  as  when  measurements  are 
being  made  near  fast  point  targets  or  when  steep 
reflectivity  gradients  occur.  With  a  preliminary 
analysis  complete,  however,  several  main  condu- 
sions  can  be  drawn  from  this  work. 

MTI  waveforms,  using  small  numbers  of  pulses 
(such  as  3  and  4  pulse  MTI  systems),  can  provide 
accurate  measurements  of  the  three  spectral  mo¬ 
ments  typically  observed  by  radar  meteorologists. 
The  results  from  this  experiment  show  that  mea¬ 
surements  taken  from  a  SPY-1  radar  compare  fa¬ 
vorably  with  those  taken  from  a  NEXRAD  or  those 
taken  using  the  NEXRAD  uncoded  pulse  se¬ 
quence  transmitted  by  a  SPY-1 .  This  means  that 
tactical  radar  systems  can  provide  valuable  weath¬ 
er  data  without  interrupting  their  normal  tactical 
search  scans. 

Another  advantage  of  this  processing  approach  is 
that  the  shorter  dwells,  typical  of  tactical  systems, 
can  providejthese  measurements  very  quickly. 
When  this  is  combined  with  the  fact  that  many  tacti¬ 
cal  systems  use  flexible  electronic  scan  tech¬ 


niques,  very  rapid  updates  can  be  provided  of  de¬ 
veloping  weather  conditions. 

Dedicated  weather  dwells  will  be  required  for  cer¬ 
tain  types  of  information.  When  surface  dutter  in¬ 
terferes  with  weather  signal  returns,  a  longer  dwell 
sequence  is  required  to  filter  the  surface  clutter 
from  the  weather  signal.  Also,  when  dear  air  ob¬ 
servations  are  desired,  longer  pulse  sequences 
are  required  to  allow  the  typical  tactical  system  to 
achieve  the  required  sensitivity,  implementation  of 
infrequent  dedicated  dwells,  however,  have  less  of 
an  impact  on  agile  beam  tactical  systems  such  as 
SPY-1.  In  such  systems,  they  can  be  transmitted, 
on  a  low  priority  basis,  when  the  tadical  system 
can  afford  to  schedule  them.  In  tactically  critical  sit¬ 
uations  where  no  radar  resources  are  available  for 
any  dedicated  weather  scan,  they  can  be  elimi¬ 
nated  entirely. 

Future  work  on  this  experiment  will  indude  inves¬ 
tigations  into  making  dear  air  observations  with  the 
SPY-1  radar. 
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Figure  5:  Radial  Velocity  Map,  3.6  deg.  el., 
taken  from  SPY-1  using  MTI  Waveform 

Figure  6:  Radial  Velocity  Map,  3.6  deg.  el., 
from  SPY-1  using  N  EXRAD  Waveform 

Figure  7:  Rapid  Composite  Reflectivity 
Snapshot  Taken  by  SPY-1  Using  MTI 
Waveform 

Figure  8:  Second  Rapid  Composite 
Reflectivity  Snapshot  Taken  by  SPY-1 
Using  MTI  Waveform 

Figure  9:  Composite  Reflectivity  Picture 
From  NEXRAD,  Located  Approx.  44  Km  to 
East  of  SPY-1 
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INTRODUCTION 

The  mobile  profiling  system  (Profiler)  has  been  upgraded  fi’om  that  described  by  Wolfe  et 
al  (1995).  It  combines  ground  based  instruments,  including  a  five  beam  924  MHZ  radar  wind 
profiler,  a  Radio  Acoustic  Sounding  System  (RASS),  a  passive  microwave  sounder,  with  a 
receiver  and  processor  for  meteorological  (met)  satellite  data.  With  appropriate  met  satellite 
input  it  can  probe  the  atmosphere  fi'om  the  surface  to  over  30  km.  The  upgrades  include  a  new 
antenna  that  combines  the  wind  radar  and  RASS,  and  a  newer,  better  designed  shelter  housing  the 
processors  and  other  electronics.  These  and  other  improvements  have  led  to  a  more  robust 
^stem  that  is  easier  to  transport  and  set  up. 

The  method  for  combining  these  data  is  not  site  specific  and  requires  no  a  priori 
information.  The  mer^g  method  provides  soundings  with  an  accuracy  in  temperature  (or  virtual 
temperature)  relative  to  rawinsonde  soundings  at  least  equal  to  other  currently  published  methods. 
Data  at  the  lower  satellite  sounding  altitudes  are  modified  based  on  measured  values  fi'om  the 
ground  based  sensors.  However,  the  wind  velocity  accuracy  above  the  maximum  radar  data  level 
is  limited  by  inaccuracies  in  current  methods  of  deriving  wind  velocity  fi'om  satellite  data.  New 
ways  to  derive  satellite  wind  velocities  are  being  investigated.  In  the  interim,  we  have  the  option 
of  merging  data  fi'om  rawinsondes,  where  the  latter  system  provides  data  for  higher  levels, 
adjusted  to  take  into  account  changes  in  profiles  of  wind  and  other  variables  detected  by  the 
ground  based  remote  sensors  since  the  rawinsonde  launch.  The  Profiler  may  be  used  for  detailed 
analysis  of  meteorological  variables  for  research  and  operations  over  mesoscale  areas  (e.g., 
pollution  studies  and  severe  storm  forecasting),  plus  a  number  of  military  applications.  It  has 
operated  successfully  in  several  different  climates:  the  Los  Angeles  Free  Radical  Experiment  at 
Claremont,  CA;  tests  at  White  Sands  Missile  Range,  NM;  Erie,  CO;  Wallops  Island,  VA;  and 
other  sites. 

SYSTEM  DESCRIPTION 

Wolfe,  et  al  (1995)  and  Cogan  (1995)  describe  the  earlier  configuration  of  the  Profiler  in 
some  detail.  Here  we  emphasize  improvements  to  the  system  implemented  during  the  past  year 
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and  planned  for  the  first  few  months  of  1997. 


A  new  antenna  system  combines  the  wind  profiling  radar  with  the  RASS,  thereby 
eliminating  the  need  for  separate  RASS  units.  The  acoustic  portion  of  the  phased  array  RASS 
consisting  of  120  sound  transmitter  elements  points  into  the  wind  at  an  elevation  and  azimuth 
angle  as  determined  by  the  wind  speed  and  direction  measured  by  the  radar  profiler.  By  slightly 
tilting  into  the  wind  the  sound  waves  will  be  over  the  radar  (except  at  very  high  wind  speeds). 
Current  sytems  use  four  separate  RASS  arrayed  around  the  radar  to  insure  that  at  least  one  will  be 
upwind.  The  acoustic  phase  fi'ont  may  have  a  slight  tilt,  but  turbulence  will  tend  to  wash  out  any 
noticeable  effect.  The  radar  operating  at  924  MHZ  can  provide  wind  profiles  as  often  as  once 
every  3  or  4  minutes  with  a  vertical  resolution  of  100  m  up  to  a  height  of  3  -  5  km  on  average, 
depending  on  atmospheric  conditions.  Under  certain  atmospheric  conditions  (i.e.,  moist  and 
tuibulent)  heights  over  6  km  are  possible.  The  RASS  can  produce  soundings  of  virtual 
temperature  (T^  )  up  to  around  0.8  -  1.6  km,  again  depending  on  atmospheric  conditions,  at  a 
vertical  resolution  of  about  100  m.  A  microwave  radiometer  operating  in  the  oxygen  band  fi'om 
50  -  60  GHz  is  able  to  produce  useful  temperature  (T)  profiles  to  an  altitude  of  around  3-5  km. 
A  second  radiometer  produces  estimates  of  total  water  content  (vapor  and  liquid).  These  older 
radiometers  are  being  phased  out  and  replaced  by  a  single  radiometer  in  a  package  smaller  than 
either  of  the  older  ones.  Preliminary  evaluations  show  a  significant  improvement  in  T  accuracy. 
The  Profiler  has  certain  elements  in  common  with  fixed-site  systems  described  by  Parsons  et  al. 
(1994)  and  Stokes  and  Schwartz  (1994),  but  has  a  number  of  additional  features.  These  additions 
include  software  for  processing  and  quality  control  of  data  from  the  ground-based  sensors  (e.g., 
Merritt,  1995),  and  for  combining  satellite  soundings  with  ground-based  profiles  in  near  real  time. 

The  merging  algorithm  applies  no  matter  where  the  Profiler  is  located;  i.e.,  it  is  not  site 
specific  and  requires  no  a  priori  information.  The  microwave  radiometer,  however,  uses  a 
statistical  retrieval  method  that  is  site  specific.  Previous  methods  for  merging  satellite  and  other 
data  (Westwater  et  al.,  1984a,  1984b;  Schroeder  et  al.  1991)  to  retrieve  profiles  of  T  (or  Tv) 
required  site  specific  statistical  data. 

A  new  algorithm  calculates  a  satellite  sounding  for  the  location  of  the  Profiler  instead  of 
simply  using  the  nearest  one  (Spalding,  1996).  The  algorithm  fits  a  plane  to  the  nearest  three 
soundings  at  each  pressure  level  for  each  variable.  Interpolation  of  a  value  of  a  given  variable  is 
performed  when  the  Profiler  lies  within  the  boundary  of  the  triangle  defined  by  the  three  satellite 
sounding  locations.  The  routine  extrapolates  values  for  Profiler  locations  within  a  short  distance 
outside  of  the  triangle  (e.g.,  50  km).  Beyond  that  “extrapolation  distance”  the  program  reverts  to 
the  older  method  of  using  the  nearest  sounding,  if  the  distance  does  not  exceed  a  user  determined 
maximum  (e.g.,  300  km).  This  type  of  situation  could  occur,  for  example,  when  atmospheric 
conditions  or  some  instrument  error  severely  limited  the  number  of  “good”  satellite  soundings,  or 
the  Profiler  is  positioned  outside  the  swath  of  the  particular  satellite  pass.  These  distances  are 
used  for  determination  of  the  weight  to  be  ^ven  to  the  satellite  values  when  the  lower  soimding 
heights  “overlap”  the  upper  part  of  the  ground-based  profiles.  The  procedure  for  merging  the 
ground  based  and  satellite  profiles  sets  the  distance  to  the  Profiler  to  0  km  when  the  Profiler  lies 
within  the  larger  triangle  defined  by  the  three  closest  soundings  plus  the  extrapolation  distance. 

The  actual  distance  is  used  when  the  nearest  sounding  method  is  required.  To  determine  the  best 
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pass  for  mer^g  we  add  a  “time  distance”  to  the  spacial  distance  to  account  for  data  “staleness.” 
Presently  we  calculate  the  time  distance  at  30  km/hr.  The  best  pass  is  considered  to  be  the  one 
with  the  least  time-space  distance. 

Neural  net  methods  under  development  will  provide  the  Profiler  with  more  rapid  retrievals 
of  satellite  soundings  of  temperature  and  possibly  other  meteorological  variables.  Bustamante,  et 
al  (1997),  also  in  these  Proceedings,  provide  a  description  of  the  neural  network  for  retrieval  of 
temperature  profiles.  Some  benefits  of  a  neural  net  approach  include  the  elimination  of  the  need 
for  first  guess  profiles  for  each  inversion  and  a  fester  retrieval  process.  Faster  running  inversion 
software  should  mean  the  ability  to  apply  the  soundings  closer  to  real-time  than  currently  possible. 
Also,  these  methods  can  easily  run  on  current  and  planned  Profiler  processors. 

TEST  RESULTS 

The  Profiler  has  generated  soundings  for  several  field  experiments  and  ^stem  tests  in 
different  climatic  regions.  Examples  include  Claremont,  CA;  White  Sands  Missile  Range,  NM; 
Erie,  CO;  Wallops  Island,  VA;  and  other  sites.  Some  of  the  results  are  described  in  Wolfe,  et  al 
(1995)  and  Cogan  (1995).  Here  we  summarize  a  few  of  these  earlier  results  and  present  new  data 
that  also  show  potential  application  to  mesoscale  analysis  and  forecasting.  Wolfe,  et  al  (1995) 
and  Cogan  (1995)  also  present  color  charts  showing  time  vs.  height  wind  barb  plots  of  wind 
velocity  fi'om  some  of  the  aforementioned  test  sites. 

Personnel  fi'om  ARL  and  ETL  participated  in  the  LAFRE,  using  the  Profiler  to  obtain 
detailed  sounding  data  for  the  California  Air  Resources  Board.  These  data  also  served  to  check 
out  the  system  and  algorithms.  The  system  operated  almost  continuously  from  28  August  1993 
through  23  September  1993.  From  28  August  through  1 1  September  1993  the  Los  Angeles  basin 
was  under  a  strong  upper  ridge,  at  times  a  closed  high  pressure  area  fi-om  the  surface  through  300 
hPa.  The  marine  boundary  layer  was  consistently  capped  by  one  or  more  inversions.  Wolfe  et  al. 
(1995)  and  Cogan  (1995)  present  charts  that  show  wind  velocities  fi’om  the  radar  profiler  for 
typical  days  during  this  early  part  of  the  LAFRE,  depicting  light  and  often  variable  winds. 
Combining  these  profiles  with  the  nearest  useful  satellite  sounding,  sometimes  as  much  as  300  km 
distant,  led  to  a  "worst  case"  situation  on  several  days,  in  that  atmospheric  conditions,  especiaUy 
wind  velocity,  are  often  quite  different  200  or  300  km  to  either  side  of  a  strong  ridge. 

Table  1,  derived  fi’om  data  in  Cogan  and  Wolfe  (1995),  shows  mean  and  standard 
deviation  of  wind  speed  differences  in  ms'*  for  the  radar  profiler  and  the  satellite  (adjusted  at 
lowest  three  satellite  data  levels)  relative  to  rawinsonde  during  part  of  the  LAFRE.  The 
maximum  number  of  data  comparisons  was  36  over  the  first  period  (five  days)  compared  with  a 
maximum  of  12  over  the  seven  days  of  the  second  period.  Cogan  and  Wolfe  (1995)  also 
presented  data  fi’om  the  LAFRE  that  suggested  that  for  combined  soundings  the  mean  and 
standard  deviation  of  T^  differences  were  about  +  0.4  and  1  to  1.5  K,  respectively. 
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TABLE  1.  Means  and  av^ages  of  0.1  km  standard  deviations  of  wind  speed  dififcraices  (ms'*)  for  0.3  km 
l^ers  (indicated  sensor  vs.  rawinsonde).  Radar  =  radar  wind  profiler.  Sat  =  Satellite. 

Mean  Standard  Deviation  Layers  Dates 

Radar  Sat  Radar  Sat  Radar  Sat  (Sept,  1993) 


0.75  10.84  1.88  8.60  14  6  7-11 

1.53  8.61  2.75  2.88  11  6  17-23 


At  times  rawinsonde  data  may  contain  serious  errors.  Fisher  et  al.  (1987)  present 
information  on  the  average  errors  found  in  several  types  of  rawdnsonde  systems.  To  gain  an  idea 
of  the  quality  of  the  rawinsonde  data  at  the  LAFRE,  soundings  were  compared  from  two  similar 
systems  (MARWIN  and  CLASS)  receiving  data  from  one  sonde.  Differences  in  from 
comparisons  using  a  single  sonde  averaged  around  +  0.2  to  0.4  K,  with  maximum  differences  of 
about  +  1 K.  Cogan  and  Wolfe  (1995)  compared  wind  speed  differences  between  the  two 
systems.  Their  figure  2  showed  a  periodic  pattern  that  is  consistent  with  other  data  examined  to 
date.  The  large  differences  of  up  to  3  ms'*  near  and  above  3  km  were  on  the  high  side,  but  values 
aroimd  ±  1  ms'*  were  not  imcommon.  Cogan  (1995)  presented  data  showing  a  few  wind  direction 
variations  of  >  90  “  in  one  case  during  the  LAFRE,  although  wdnd  direction  differences  for  most 
of  the  100  m  layers  in  data  examined  to  date  were  <  10  ".  This  type  of  comparison  suggests  that 
differences  in  Profiler  wind  speed  and  direction  of  around  +  1  ms'*  and  10  “,  respectively,  relative 
to  rawinsonde  may  be  close  to  the  "best"  one  could  expect.  A  possible  partial  explanation  for  the 
wind  speed  differences  is  that  the  MARWIN  software  has  more  extensive  built-in  checks  and 
somewhat  soothes  the  data. 

A  test  of  the  Profiler  at  the  NASA  Wallops  Flight  Facility  (WFF)  on  Wallops  Island,  VA, 
provided  the  opportunity  to  compare  wind  profiles  for  the  lowest  1.9  km  with  those  obtained 
from  radar-tracked  pibal  baUoons.  An  unusual  aspect  of  this  experiment  as  compared  with  other 
similar  studies  (e.g.,  Weber  and  Wuertz  1990)  was  the  ability  to  examine  the  background  wind 
variability  at  the  same  time  as  the  comparisons.  During  the  week  of  17-21  July  1995,  for  morning 
and  afternoon  periods  lasting  about  1  to  1-1/2  h,  two  pibals  were  launched  about  3  min  apart 
every  15  min  (four  to  five  “pairs”  each  period).  The  Profiler  operated  continuously  during  these 
periods  with  the  capability  of  producing  wind  profiles  every  3  min.  A  3  min  sounding  was 
generated  starting  prior  to  the  second  pibal  of  each  pair.  The  Profiler  sounding  was  compared 
with  the  profile  from  the  second  pibal  of  each  pair,  and  comparisons  were  made  between  the  two 
pibals.  Surface  values  shown  were  taken  from  the  WFF  and  Profiler  surfece  sensors.  The  site  of 
the  experiment  was  about  0.2  km  west  of  the  ocean,  with  the  Profiler  located  <  50  m  east  from 
the  pibal  launch  site.  Tables  2  and  3  present  the  means  and  standard  deviations  of  the  wind  speed 
and  direction  differences  between  Profiler  and  pibal,  and  similar  values  from  concurrent  pibal 
“pairs”  during  18  July  (eight  “pairs”),  20  July  (nine  “pairs”),  and  21  July  1995  (five  “pairs”). 

'^ese  tables  show  values  for  100  m  layers  averaged  from  the  surface  to  1.9  km. 
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TABLE  2.  Means  and  standard  deviations  of  differences  of  wind  speed  between  Profiler  (3  min.  averages) 
and  pibal,  and  between  pibals  3  min  apart  Averages  of  100  m  l^er  values  shown,  for  the  surface  through 
1.9  km. 

Mean  (ms"’)  Standard  Deviation  (ms"’) 

(July  1995)  Number  of  Profiler  Pibal  Profiler  Pibal 

comparisons  vs.  Pibal  vs.  Pibal  vs.  Pibal  vs.  Pibal 


18 

8 

-0.70 

0.00 

0.91 

0.63 

20 

9 

-0.31 

-0.01 

0.69 

0.84 

21 

5 

-0.36 

-0.09 

0.92 

0.65 

TABLE  3.  Means  and  standard  deviations  of  differences  of  wind  direction  between  Profiler  (3  min.  averages) 
and  pibal,  and  between  pibals  3  min  apart  Values  in  parentheses  are  for  z  >  300  m.  Averages  of  100  m 
l^er  values  shown,  for  the  surface  (or  300  m)  throu^  1.9  km. 

Mean  (deg)  Standard  Deviation  (deg) 

Day  (July  1995)  Number  of  Profiler  Pibal  Profiler  Pibal 

comparisons  vs.  Pibal  vs.  Pibal  vs.  Pibal  vs.  Pibal 


18  8  19.14(18.92)  -0.31  (1.25)  13.00(9.72)  9.53(5.67) 

20  9  7.13  (4.46)  -0.66  (-1.08)  8.56(8.55)  8.13(8.30) 

21  5  11.71  (9.00)  0.64  (0.65)  3.96  (3.86)  4.21  (3.01) 


The  Profiler  vs.  pibal  comparison  for  18  July  showed  significantly  greater  differences  in 
wind  direction  than  for  the  other  two  comparison  days  (20  and  21  July).  The  pibal  vs.  pibal 
comparison  for  that  day  also  showed  somewhat  larger  differences  in  the  standard  deviation  of 
wind  direction  relative  to  those  fiar  the  other  days.  The  standard  deviation  of  wind  direction 
differences  (100  m  layers)  exceeded  10  ®  for  pibal  vs  pibal  for  heights  (z)  _<  0.3  km  and  z  =  1. 1 
km,  and  for  the  Profiler  vs.  pibal  at  z  <  0.8  km  and  z  =  1.2  km.  The  magnitude  of  mean 
differences  in  wind  direction  between  Profiler  and  pibal  was  >  20  ®  at  z  =  0.6  km,  0.8  <  z  <  1.2 
km,  and  1.5  <  z  <  1.8  km  (maximum  of  about  25  “  at  1.6  km).  On  this  day  the  pibals  traveled 
eastward,  passing  over  the  ocean  within  a  minute  after  launch.  These  larger  differences  were  not 
unexpected  since  the  pibals  drifted  over  the  ocean  after  reaching  200  or  300  m  in  altitude,  leaving 
the  highly  convective  conditions  that  existed  over  the  land.  Later  in  the  afternoon  small  but 
intense,  thunderstorms  passed  through  from  the  west,  forcing  the  test  to  be  canceled  before  1500 
EDT  (1900  UTC)  due  to  the  danger  of  lightning  strikes. 

The  largest  direction  difference  between  the  Profiler  and  pibal  was  at  the  “surface”  (about 
5  m  AGL)  for  the  latter  two  days  and  at  0.1  km  on  18  July.  Both  systems  relied  on  surface 
stations  separated  by  about  10  m  horizontally  and  1  -  2  m  vertically  (the  WFF  anemometer  was 
higher).  The  location  only  about  200  m  from  the  ocean  and  the  mix  of  land  and  water  surfaces 
near  the  laimch  site  may  account  for  much  of  the  observed  direction  differences  in  the  lowest  0. 1 
to  0.2  km.  The  balloons  drifted  off  roughly  to  the  northwest  except  on  18  July,  soon  after  turning 
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toward  the  east  to  northeast,  passing  over  the  northern  half  of  the  island,  and  out  over  the  water. 
Since  the  ascent  rate  of  the  pibals  was  about  5  ms'^  and  the  average  wind  speed  for  most  of  the 
test  periods  was  about  5  to  7  ms'^  during  much  of  each  ascent,  the  balloon  ended  up  about  2  to  3 
km  from  the  Profiler  and  pibal  launch  site  by  the  time  it  reached  an  altitude  of  2  km.  On  21  July 
the  wind  speed  at  most  heights  exceeded  10  ms'^,  causing  the  pibal  to  drift  about  4  km  by  the  time 
it  rose  to  2  km. 

The  variations  between  profiles  from  pibals  launched  3  min  apart  were  not  insignificant, 
and  on  occasion  exceeded  those  between  Profiler  and  pibal.  These  results  support  the  idea  that 
differences  between  radar  profiler  and  rawinsonde  wind  soundings  in  earlier  data  (e.g.,  Weber  et 
al,  1990)  may  be  partly  a  result  of  real  atmospheric  temporal  and  spatial  variation. 

FUTURE  WORK 

Several  initiatives  are  planned  for  the  near  fUture.  One  involves  a  better  extraction  of 
satellite  temperature  wind  velocity  profilers  using  neural  network  methods  as  noted  above. 
Bustamante,  et  al  (1997)  present  work  performed  in  1996  and  earlier  on  retrieval  of  temperature 
soundings,  and  note  planned  work  on  improved  temperature  profiles  and  wind  velocity  estimation. 
Initial  results  on  wind  velocity  should  begin  to  appear  within  a  year.  Also,  the  software  for  fitting 
a  satellite  sounding  for  the  location  of  the  Profiler  should  help  improve  accuracy.  The  new 
antenna  that  combines  the  radar  and  RASS  functions  shows  promise  in  improving  the  ground 
based  profiles  of  both  wind  and  virtual  temperature.  An  early  test  at  Erie,  CO  provided  profiles  to 
4. 1  km  (maximum  height  for  radar  parameters  used)  during  conditions  of  light  snow.  Additional 
tests  are  planned  at  WSMR,  NM  that  will  give  a  more  complete  indication  of  performance  of  the 
^stem  with  the  new  antenna.  After  installation  of  new,  hi^er  power,  amplifiers  in  February- 
March  1997  the  tests  will  continue.  The  additional  power  should  increase  performance  further. 

The  new,  passive,  microwave  radiometer  has  run  in  a  test  mode,  but  has  not  been 
integrated  into  the  Profiler.  However,  comparisons  between  radiometer  output  and  rawinsonde 
data  at  Wallops  Island,  VA  and  WSMR,  NM  suggest  a  marked  improvement  over  the  older, 
larger  radiometer  for  heights  >  0.5  km.  Root  Mean  Square  (RMS)  differences  between 
radiometer  temperatures  and  those  from  rawinsonde  were  about  1 K  for  z  <  1.2  km  (<  0.5  K 
near  0.2  km)  over  9  comparisons  at  Wallops  Island.  These  values  compare  favorably  with  those 
rq)orted  by  Moran  and  Strauch  (1994)  for  comparisons  between  RASS  and  rawinsonde.  For  1.2 
<  z  <  3  km  the  RMS  differences  were  <  1 .6  K,  greater  than  values  reported  by  Moran  and 
Strauch  (1994),  but  within  stated  requirements.  If  confirmed  in  ongoing  tests,  the  radiometer  may 
supplant  the  RASS,  thereby  allowing  for  a  smaller,  more  portable  Profiler. 

ETL  plans  to  introduce  new  software  for  improved  control  and  data  processing  for  the 
radar  and  RASS  during  the  spring  of  1997.  This  software  will  consist  of  “standard”  architecture 
and  coding,  and  eliminate  the  necessity  of  special  signal  processing  boards.  It  will  allow  easier 
control  by  the  user,  and  potentially  “hands  off’  operation  by  non-specialists.  This  software 
package  vrill  be  integrated  into  the  Profiler  during  the  ongoing  re-configuration  into  a  smaller, 
more  mobile  system. 
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The  next  version  of  the  Profiler  will  have  the  processors  in  a  shelter  suitable  for  a  High 
Mobility  Multi-Wheeled  Vehicle  (HMMWV)  instead  of  a  towed,  enclosed  trailer.  A  newer,  more 
compact  receiver  and  processor  for  meteorological  satellites  (both  NOAA  and  DMSP)  currently 
being  integrated  into  the  present  system  also  vdll  reside  in  the  shelter.  Two  small  enclosed 
tracking  antennas  (0.46  m  flat  plates)  will  soon  replace  the  present  much  larger  enclosed  tracking 
antenna  (1.2  m  dish).  The  combined  size  and  weight  of  the  newer  antennas  are  less  than  the  one 
older  one.  The  lower  size  and  weight  of  the  microwave  radiometer  now  undergoing  evaluation 
will  allow  it  to  fit  easily  on  the  new  system.  The  upgraded  soflware  is  being  reworked  to  fit  as 
close  as  possible  to  Army  common  hardware  and  soflware  standards.  Lightweight  Computer 
Unit  (LCU)  computers,  or  equivalent  civilian  PC’s  (e.g.,  200  MHZ  Pentium  computers),  will 
replace  the  current  nux  of  workstations  and  PC’s.  The  resulting  Profiler  “platform”  will  consist  of 
a  standard  shelter  on  a  HMMWV  or  equivalent  vehicle  that  will  tow  a  smaller  trailer  containing 
the  radar  antenna. 

CONCLUSION 

An  upgraded  Profiler  prototype  is  being  developed  to  answer  Army  requirements  as  stated 
in  the  approved  Profiler  ORD  and  MNS.  This  system  will  provide  a  means  of  collecting  data 
fi'om  a  variety  of  profiling  instruments  and  merging  those  data  into  combined  meteorological 
soundings  for  near  real  time  operational  uses.  The  data  pro\dded  by  the  MPS  will  have  a  variety 
of  military  and  civilian  applications.  The  MPS  can  provide  timely  support  for  airfield  operations, 
giving,  for  example,  near  real  time  indications  of  potentially  hazardous  wind  conditions. 

Mesoscale  models  will  have  access  to  detailed,  very  rapid  refi’esh,  atmospheric  soundings  within 
and  somewhat  above  the  boundary  layer.  Through  access  to  data  fi'om  enviroranental  satellites, 
and  potentially  fi'om  UAV  sensors  and  dropsondes,  the  Profiler  will  obtain  meteorolo^cal  data 
throughout  the  domain  of  a  mesoscale  model.  The  ability  to  generate  a  picture  of  very  short-term 
flow  and  virtual  temperature  patterns  in  the  lower  troposphere  can  lead  to  a  better  understanding 
of  the  atmosphere  and  to  better  modeling  at  smaller  scales.  As  the  Los  Angeles  Free  Radical 
Experiment  showed,  this  type  of  system  can  be  invaluable  for  pollution  studies. 
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Introduction 

In  the  late  1960s  and  early  1970s  the  U.  S.  Air  Force  used  several  AN/TPQ-11  [Paulsen  and 
Petrocchi,  1970]  35-GHz  radars  to  aid  airfield  controllers.  Unfortunately,  the  reliability  of  the  high 
peak  power  magnetron  transmitters  used  in  those  radars  was  low,  and  they  were  quickly 

decommissioned.  An  alternate  technology.  Traveling 
Wave  Tube  Amplifiers  (TWTAs),  can  now  be  used  to 
produce  an  equivalent  level  of  average  transmitted  power 
at  35  GHz  frequency.  The  Department  of  Energy  (DOE), 
in  collaboration  with  NOAA’s  Environmental  Technology 
Laboratory  (ETL),  is  now  producing  35-GHz  Doppler 
cloud-profiling  radars  based  on  TWTA  technology  for  five 
global  Cloud  And  Radiation  Testbed  (CART)  sites,  as  part 
of  the  Atmospheric  Radiation  Measurement  (ARM) 
program  [Stokes  and  Schwartz,  1994].  The  first  of  these 
highly-sensitive,  vertically-pointing,  unattended  radars  has 
been  producing  continuous  data  from  the  Southern  Great 
Plains  (SGP)  CART  site  since  November  12,  1996.  The 
system  monitors  its  own  health,  environmental  conditions, 
and  status  of  external  power.  It  shuts  down  and  reboots 
gracefully  and  automatically.  It  is  also  capable  of 
automatic,  routine  calibration,  and  it  manages  data  through 
both  local  archiving  (backup)  and  transmission  to  an 
external  data  management  and  display  system.  The  new 
radar  is  intended  to  gather  data  for  10-15  years  in  many 
different  climatological  regimes,  to  better  understand  the 
climatology  and  layering  of  clouds,  and  the  role  they  play 
in  radiative  balance  and  climate  change. 

It  occurred  to  the  authors  that  this  system  might  be  of  interest  to  participants  of  the  Battlespace 
Atmospherics  Conference,  for  applications  previously  served  by  the  AN/TPQ-1 1  radar,  namely  air 
traffic  control,  both  on  land  and  at  sea. 


Autonomous  Cloud  Radar 


Oklahoma,  November  1996 


Rg.,  1.  Unattended  35-GHz  cloud-profiling  radar  as 
installed  in  a  seatainer  at  DOE’s  CART  site  near 
Lamont,  Oklahoma.  Antenna  is  3  m  in  diameter. 
Radar  is  mounted  in  a  single  rack  and  weighs  about 
140  kg. 
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Description 


Fig.  1  shows  the  seacontainer- 
housed  radar  at  the  SGP  site  near 
Lament,  Oklahoma.  DOE/ARM 
plans  to  house  many  other 
instruments  in  the  same  container, 
so  the  size  of  this  facility  is  not 
necessarily  representative  of  what 
is  needed  solely  for  the  cloud  radar. 
The  radar  itself,  sans  3-m-diameter 
radomed  antenna,  weighs  about 
140  kg  and  is  mounted  in  a  single 
2-m  tall  rack.  For  remote  sites  and 
overseas  installations  we  plan  to 
use  2-m  diameter  antennas  that  can 


Fig.  2.  Block  diagram  or  radar.  Note  provisions  for  receiver  protection  and  automatic 
calibration  via  noise  diode  and  attenuators.  Computer  controls,  health  monitoring,  and 
data  system  are  not  indicated. 


Table  1 

Operating  Characteristics  DOE/ETL  Cloud  Radar  at  SGP 
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be  transported  more  easily,  either  separately 
or  as  part  of  a  smaller  container.  A  block 
diagram  of  the  radar  design  is  shown  in  Fig. 

2,  and  we  list  in  Table  1  typical  operating 
characteristics  of  the  radar. 

Up  to  four  different  modes  of  operation  can 

be  locally  or  remotely  established,  through 

which  the  radar  routinely  cycles.  Maximum 

sensitivity  for  the  modes  postulated  here  is 

-38  dBZ  at  20  km  altitude,  which  compares 

favorably  with  NOAA’s  much  more 

sophisticated  and  expensive  scanning 

research  radar,  NOAA^  [Kropfli  et  al., 

1990,  Kropfli  and  Kelly,  1996].  Cycling 

automatically  and  rapidly  through  modes  of 

varying  sensitivity  permits  one  to  better 

accommodate  the  huge  dynamic  range  in 

atmospheric  reflectivities  experienced  in 

practice,  from  low-level  precipitation  to  ^  u  u  .  r  . 

,  .  ,  ,  .  11-  Fig- 3.  A  time-height  display  of  signal-to-noise  ratio  for  mode  3  in  Table  1 

cirrus  at  hlgh-altltUde.  Time  and  height  (uncoded)  at  the  southern  Great  plains  (SGP)  cart  site  near  Lamont, 

resolutions  are  on  the  order  of  10  S  and  50  Okl^oma,  for  a  e-hour  period  on  November  24, 1996.  Range  resolution  is 

45  m,  dwell  time  is  9  s. 

m,  although  within  reason  these  can  be 
adjusted  for  the  needed  application.  Fig.  3 

is  a  typical  time-height  display  of  the  radar  signal-to-noise  ratio  (zeroth  spectral  moment)  in  a 
situation  where  several  layers  and  types  of  clouds  are  present.  The  radar  is  a  full  Doppler  system, 
hence  it  calculates  and  can  store  complete  spectra  for  each  range  gate,  but  typically  it  only  retains  the 
first  three  spectral  moments  calculated  from  the  spectra,  in  an  effort  to  reduce  the  quantity  of  datg 
The  Doppler  capability  permits  one  to  easily  discern  the  melting  layer  in  cold,  precipitating  clouds, 
because  at  that  height  the  precipitation  fall  speed  increases  abruptly  as  the  snow/graupel  condenses 
to  liquid  droplets  and  accelerates.  Doppler  capability  is  especially  important  when  combining  the 
radar  measurements  with  other  instruments,  such  as  radiometers  and  lidars  [Matrosov  et  al.,  1994, 
Intrieri  et  al.,  1995],  to  measure  important  microphysical  parameters  of  the  clouds,  such  as  vertical 
profiles  of  effective  particle  radius,  ice  mass  content,  etc.  These  combined  techniques  potentially 
permit  one  to  automatically  detect  those  portions  of  clouds  where  icing  conditions  exist,  an  important 
piece  of  knowledge  for  aircraft  controllers. 

Range  Sidelobes 

The  radar  achieves  its  relatively  high  average  power  output  (25  w)  from  the  low  peak  power  (100  w) 
TWTA  by  employing  pulse  compression  techniques,  i.e.  by  transmitting  long  pulses  (up  to  20  ps)  that 
are  internally  phase-coded,  typically  in  0.6  ps  segments.  Standard  techniques  [Schmidt  et  al.,  1979] 
used  to  receive  and  decode  such  pulses  permit  us  to  retain  the  range  resolution  associated  with  the 
phase-coded  segments  (90  m),  but  at  the  expense  of  generating  weak,  artificial  returns  at  ranges  other 
than  the  true  range.  Since  these  artificial  signals  are  typically  25-35  dB  below  the  true  returns,  and 
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occur  at  ranges  bounded  by  the  length  of  the  code  used,  they  are  easy  to  identify  in  most  situations. 
However,  they  can  be  a  problem  when  strong  gradients  in  reflectivity  and/or  large  Doppler  velocities 
are  present.  By  automatically  cycling  through  several  modes  of  radar  sensitivity,  from  no  pulse 
compression  to  maximum  compression,  we  find  it  is  possible  for  an  experienced  analyst  to 
unambiguously  understand  the  true  layering  of  clouds.  However,  we  are  working  to  incorporate 
improved  coding  and  processing  techniques  to  further  reduce  the  level  of  range  sidelobe  artifacts, 
since  they  are  clearly  an  unwanted  distraction. 


Plans 

We  are  planning  to  deploy  one  additional  radar  every  six  months  in  the  next  two  years  to  ARM’s 
other  CART  sites,  e.g.  to  the  north  slope  of  Alaska  and  Manus  Island,  Papua  New  Guinea.  At  such 
locations,  the  radars  will  need  to  run  in  a  tmly  unattended  mode,  since  only  relatively  inexperienced 
local  personnel  will  be  available  to  monitor  the  radar’s  operation.  In  addition,  ETL  expects  to  deploy 
a  similar  cloud  radar  for  12-16  months  on  the  ice  pack  north  of  Alaska  as  part  of  the  Office  of  Naval 
Research  (ONR)  and  National  Science  Foundation  (NSF)  joint  Surface  HEat  Budget  of  the  Arctic 
Ocean  (SHEBA)  campaign,  beginning  in  late  1997. 

While  ETL  develops  and  deploys  the  radars  for  DOE,  it  is  also  working  to  establish  a  Cooperative 
Research  and  Development  Agreement  (CRADA)  with  industry  to  transfer  the  technology  to  the 
private  sector,  because  it  is  not  in  a  research  laboratory’s  mission  to  market  technology  to  users,  or 
to  support  it  over  many  years.  A  CRADA  will  make  the  technology  more  robust  and  keep  it  abreast 
of  the  latest  improvements,  make  it  commercially  available,  and  help  ensure  long-term,  professional 
support.  We  expect  the  CRADA  to  be  signed  in  early  1997  and  for  a  commercial  version  of  the  35- 
GHz  cloud-profiling  Doppler  radar  to  be  available  within  one  year.  At  that  time,  or  sooner,  we  hope 
supervisors  of  both  military  and  civilian  air  traffic  control  facilities  will  seriously  consider  the  benefits 
of  having  available  to  controllers,  both  on  land  and  at  sea,  detailed  knowledge  of  local  cloud  layering, 
turbulence,  and  icing  conditions  provided  by  these  inexpensive  ($500K),  compact  radars. 
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Introduction 

Using  modem  UHF  radars  to  profile  boundary-layer  winds  from  ships  offers  many  advantages. 
These  systems  are  relatively  small  and  inexpensive  (20  m^,  $200K)  and  they  can  run  unattended  for 
many  months  in  all  weather  conditions.  Temporal  and  vertical  resolution  of  the  wind  measurements 
can  be  as  fine  as  5  minutes  and  60  m,  respectively.  Such  measurements  offer  unparalleled,  cost- 
effective  performance  for  tactical  operations,  resource  protection,  forecasting,  and  research. 


Table  1 


Shipboard  Radar  Wind  Profiling 
NOAA/ERL  Experience 


Year 

Ship 

Location 

Months 

Days 

1991 

Baldridge 

Miami-Puerto  Rico 

May 

15 

1991 

Mauna  Wave 

Tiwi  (0^  140W) 

Nov.  -  Dec. 

30 

1992 

Baldridge 

East  Atlantic 

May  -  July 

90 

1992 

“Science  1” 

Trop.  West.  Pac. 

Nov.  -  Feb. 

120 

1992 

“Exp.  3** 

Trop.  West.  Pac. 

Nov.  -  Feb. 

120 

1992 

Mauna  Wave 

Trop.  West.  Pac. 

Nov.  -  Feb. 

120 

1993 

Titan 

Channel  Islands 

Sept. 

30 

1994 

Wecoma 

California  -  Oregon 

Mar.  -  Apr. 

60 

1995 

Discoverer 

Tasmania 

Oct.  -  Nov. 

60 

1996 

Discoverer 

Trop.  West.  Pac. 

Mar.  -  Apr. 

60 

1997 

Knorr 

N.  Atlantic 

Jan. 

30 

1997 

Ka’lmimoana 

Cent.  Eq.  Pac. 

... 

Two  of  the  National  Oceanic  and  Atmospheric  Administration’s  (NOAA)  Environmental  Research 
Laboratories,  the  Environmental  Technology  Laboratory  (ETL)  and  the  Aeronomy  Laboratory(AL) 
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have  acquired  over  600  days  of  experience  operating  such  profilers  at  sea.  Table  1  lists  the  research 
campaigns  by  ship,  location,  and  duration.  Results  from  the  first  deployment  in  1991  on  the  NOAA 
RA^  Malcolm  Baldridge  are  presented  in  Carter,  et 
al.  [1992].  Subsequent  AL  developments  in 
profiler  technology  are  summarized  in  Carter  et 
al.,  [1995]. 

Our  systems  operate  at  915  MHz  and  are 
mechanically  stabilized  to  eliminate  the  effects  of 
ship  motion.  They  typically  use  phased-array 
antennas  to  transmit  and  receive  energy  along  at 
least  one  pair  of  beams  oriented  about  20°  off  the 
vertical  and  along  orthogonal  azimuthal  directions. 

Normally  the  cycling  of  beams  along  different 
directions  also  includes  a  vertically-oriented  beam 
as  well.  The  Doppler-shift  of  the  energy  scattered 
back  from  the  atmosphere  along  all  beams  is 
determined  and  used  with  information  on  the 
ship’s  orientation  and  motion  to  produce  estimates 
of  earth-relative  wind  speed  and  direction  at  many 
range  gates,  typically  encompassing  the  height 
interval  0.15  to  3.0  km.  Typically  we  save  the 
complete  Doppler  spectra  of  the  signal  in  each 
gate,  and  archive  the  first  three  moments 
computed  from  the  spectra  as  well.  The  first  three 
moments  of  the  Doppler  spectra  are  related  to 
backscattered  energy,  radial  velocity,  and  velocity 
spread  in  the  sensing  volume,  respectively.  Time- 
height  displays  of  the  vertical  beam  spectral 
moments  reveal  interesting  and  useful  atmospheric 
features,  such  as  precipitation  fall  speed,  melting 
layer,  cloud  bottoms  and  tops,  and  turbulence 
[White,  et  al.,  1996]. 


Problems 

Despite  the  potential  of  this  technology  and  its  remarkably  good  performance  during  the  first 
shipboard  deployment  [Carter,  et  al.,  1992],  we  have  subsequently  learned  that  one  must  take 
precautions  in  locating  the  hardware  onboard  ships  to  minimize  the  effects  of  sea  clutter,  and  in 
using  the  data  products  generated  by  the  system’s  software,  the  Profiler  On-line  Program  (POP). 
POP  uses  consensus  averaging  [Weber  et  al.,  1993]  of  Doppler  spectral  moments  to  compute  wind 
products,  and  assumes  the  spectra  contain  only  atmospheric  signals.  When  spectra  are  contaminated, 
the  spectral  moments,  and  hence  the  wind  products,  can  be  in  error. 


Rg.  1 .  Comparison  of  profiler-derived  winds  for  multiple 
soundings  (dashed  lines)  with  a  contemporaneous  balloon 
sounding  (diamond  markers)  from  NOAA  RA^  Ka'imimoana  in 
1996.  Low-level  profiler  winds  are  likely  in  error  due  to 
contamination  of  radar  signals  by  sea  clutter. 
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Fig.  1  displays  the  effects  that  sea  clutter 
often  has  on  the  radar-estimated  wind 
products.  Here  we  compare  winds 
measured  by  ship-launched  radiosondes 
with  the  radar-derived  winds,  for  a  research 
cruise  of  the  NOAA  RA''  Ka  ’imimoana  in 
1996  in  the  central  Pacific.  Since  sea 
clutter  often  appears  near  zero  frequency  in 
the  Doppler  spectrum,  it  biases  the  wind 
estimates  low.  This  creates  underestimates 
of  wind  speed,  and  some  error  in  wind 
direction,  primarily  at  short  ranges  (low 
altitudes)  where  clutter  can  dominate  the 
desired  atmospheric  signals  from  the  main 
beams.  In  a  separate  study  of  island-based 
and  ship-borne  profilers  deployed 
November,  1992,  to  February,  1993,  in  the 
western  Pacific,  Hartten  [1996]  compared 
radar-derived  winds  in  the  lower  gates  with 
surface  winds.  One  expects  the  surface 
winds  to  be  lower  than  winds  from  the 
lowest  radar  gates,  and  to  see  a  consistent 
pattern  of  differences  vs.  altitude  for  both 
platforms.  Instead  we  see  more  spread  in 

Rg.  2.  Scatter  diagrams  of  surface  winds  (x-axis)  vs.  profiler  winds  at  v  +4.  j  •  j  •  j 

altitude  ^-axis)  for  300  m  altitude  Geft  plots)  and  800  m  altitude  (right  plots).  Scatter  uiagTaniS,  and  SUrtace  Winds  Up 

Island  winds  (above)  with  little  sea  clutter  show  expected  trends  in  the  tO  5  EQ  S’^  Stronger  than  low-level  profiler 

diagrams  while  ship-based  winds  (below)  show  effects  of  sea  clutter  •  ^  1  •  1  ^ 

contamination.  winds,  tor  the  ship-Dome  systems,  as 

depicted  in  Fig.  2.  Riddle  et  al.  [1996] 
describe  other  similar  intercomparisons  made  during  the  Coupled  Ocean- Atmosphere  Response 
Experiment  (COARE)  of  the  Tropical  Ocean  and  Global  Atmosphere  (TOGA)  program.  From 
March  to  April,  1996,  we  deployed  another  stabilized  915  MHz  wind  profiling  system  at  sea.  We 
took  care  to  position  it  nearly  optimally  low  on  the  rear  fantail  of  NOAA  RW  Discoverer,  and  we 
installed  diffraction-softening  baffles  on  top  of  the  standard  clutter  fences.  This  was  our  most 
successful  deployment  since  the  initial  one  on  the  Malcolm  Baldridge.  Table  2  compares  radar- 
derived  winds  with  both  surface  and  balloon  winds.  Note  that  although  the  lower  radar  gates  display 
possible  negative  biases  in  wind  velocity  estimates,  the  biases  are  not  as  large,  or  as  high-reaching, 
as  in  Fig.  1. 

Other  problems  that  are  encountered  by  all  radar  wind  profilers,  including  those  at  sea,  are  radio 
frequency  interference  and  contamination  by  fliers  (birds  and  planes).  Both  types  of  non- 
atmospheric  signals  can  enter  through  sidelobes  or  the  main  beam.  We  do  not  have  statistical 
analyzes  of  the  effects  of  these  contaminants,  but  in  general  the  effects  are  more  intermittent  and 
cause  larger  errors  than  sea  clutter. 
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Table  2 


Correlation  between  CSP  915-MHz  radar-derived  winds  and 

ll  Surface  Winds 

Gate  1  Gate  2  Gate  3  Gate  4 

n  20  m\  _ ^2.1 9  m> _ _ (417  m) _ 

Gate  5 

(-‘>16  ml 

N 

237 

257 

459 

517 

535 

0.61 

0.63 

0.64 

0.68 

0.65 

Us 

4.8 

4.9 

5.3 

5.4 

5.5 

Bias 

-1.5  m/s 

-0.9 

+0.2 

+0.7 

+1.2 

2)  Rawinsondes 

Gate  1-5 

Gate  6-10 

Gate  11-15 

Gate  16-20 

(100-500  m) 

(600-1000  m) 

(1 100-1500  m) 

(1600-2000  m) 

N 

460 

604 

578 

0.51 

0.74 

0.78 

0.71 

Us 

6.2 

7.2 

7.5 

7.2 

Bias 

-0.9  tn/s 

+0.3 

0.0 

0.0 

N  =  #Cases 

=  Correlation  Coefficient  U.  = 

:  1)  Surface  Mean  Wind; 

2)  Balloon  Mean  Wind; 

Both  1)  and  2)  only  for  cases  involved  in  N. 

Solutions 

To  minimize  contamination  of  the  radar’s  Doppler  spectra  by  sea  clutter,  one  must  take  care  in  siting 
the  profiler  to  avoid  reflection  of  the  antenna’s  sidelobes  by  ship  structures,  because  the  radar  then 
“sees”  the  surface  of  the  ocean.  This  typically  involves  placing  the  profiler  as  far  away  as  possible 
from  tall  structures,  orienting  its  orthogonal  beams  45°  from  the  centerline  of  the  ship,  and  keeping 
it  as  low  as  possible  on  the  ship  (as  close  to  water  level  as  feasible).  It  might  also  prove  helpful  to 
install  diffraction-softening  baffles  along  the  upper  edges  of  the  radar’s  clutter  screens,  as  we  did  on 
the  Discoverer  deployment.  We  have  found  mechanical  (gyro)  stabilization  of  a  horizontally- 
oriented  phased  array  antenna  panel  to  be  quite  satisfactory,  but  such  stabilization  adds  to  the  bulk 
and  price  of  the  system.  We  are  investigating  the  feasibility  of  using  unstabilized  antennae  (e.g.,  on 
buoys)  and  computer-correcting  for  instantaneous  platform  motion  and  orientation,  for  both  ship  and 
buoy  applications. 

However,  even  for  optimal  antenna  designs  there  always  will  remain  antenna  sidelobes,  due  to  the 
antenna’s  finite  size  and  the  radar  wavelength  (.33  m).  Contamination  of  atmospheric  signals,  which 
are  quite  weak,  can  occur  through  the  sidelobes  or  even  the  main  beam  (in  the  case  of  fliers  and  RFI). 
Therefore,  advanced  signal  processing  is  needed  to  decontaminate  the  data  stream  before  Doppler 
spectra  and  spectral  moments  are  computed.  To  this  end,  the  labs  are  producing  and  testing  several 
new  algorithms,  together  with  new  operating  systems  to  more  efficiently  implement  them.  Jordan 
et  al.  [1996]  are  applying  wavelet  transforms  to  the  radar  time  series  to  remove  sea  clutter  and  flier 
contamination,  with  notable  success.  Merritt  [1995]  has  created  an  algorithm  using  statistical 
techniques  to  automatically  edit  the  resultant  spectra  and  remove  more  of  the  erroneous  data. 
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Finally,  Weber  et  al.  [1993]  use  time-height  continuity  editing  to  cleanup  data  at  the  moment  level, 
before  consensus  winds  are  computed.  The  POP  program  is  being  upgraded  and  modularized  to 
permit  integration  of  some  of  the  new  algorithms,  and  an  entirely  new  operating  system  named 
CASPER  (Control,  Acquisition,  and  Signal  Processing  Engine  for  Radar)  is  also  being  developed 
and  tested.  For  a  description  of  CASPER  visit  web  site  http://ics.etl.noaa.gov/. 


Summary 

We  have  operated  915  MHz  radar  wind  profiling  systems  onboard  moderate-  to  large-  sized  research 
vessels  (100-300  ft  long)  over  a  span  of  5  years,  accumulating  more  than  600  days  of  operating 
experience  at  sea  in  a  wide  range  of  weather  conditions.  Our  conclusion  is  that  these  systems  are 
robust  and  that  they  can  provide  reliable,  continuous,  unattended  wind  observations  from  about  150 
m  to  more  than  3  km  altitude.  However,  because  of  sea  clutter  and  other  possible  contamination  of 
radar  signals,  one  must  be  cautious  and  not  blindly  use  wind  products  from  the  lower  gates.  Higher 
gates  are  typically  unaffected  by  contamination.  We  have  found  that  proper  siting  of  the  profilers 
away  from  tall  stracture  and  as  low  as  possible  on  the  ship  is  critical  in  minimizing  the  introduction 
of  sea  clutter  through  reflected  antenna  sidelobes.  And  we  are  working  to  develop,  test,  and 
implement  new  signal  processing  techniques  and  operating  systems  to  minimize  the  deleterious 
effects  of  sea  clutter  and  other  interferences  on  profiler  wind  products. 
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Introduction 


Radar  wind  profilers  are  designed  to  measure  the  Doppler 
spectrum  of  the  radial  wind  along  several  different  beam 
directions  as  a  function  of  range  [Strauch  et  al.,  1984]. 
The  first  moment  of  the  spectmm  corresponds  to  the  mean 
radial  velocity  of  air  in  the  sensing  volume,  permitting  one 
to  calculate  horizontal  wind  speed  v  and  direction,  and 
vertical  shear  of  horizontal  wind  dv/dz,  from  range-gated 
measurements  of  the  off-vertical  beams.  When  the  radar 
beam  is  directed  vertically,  the  Doppler  spectrum  can  be 
used  to  determine  not  only  mean  vertical  motion  w  (first 
moment),  but  also  turbulent  vertical  velocity  fluctuations, 
through  the  width  (second  moment)  of  the  spectrum. 
These  permit  Cj,  the  stmcture  parameter  of  the  turbulent 
vertical  velocity  field,  and  e,  the  turbulent  dissipation  rate, 
to  be  calculated. 

Gossard  et  al.  [1982]  have  shown  that  wind  profiler 
Doppler  spectra  contain  enough  information  to  compute 
the  vertical  gradient  of  refractivity  d^/dz,  namely. 


2 

4/:) 

,  dzj 

[dz] 

Rg.  1 .  Typical  balloon  temperature  soundings  (above) 
at  Pt.  Loma  during  the  experiment,  showing  strong 
gradients  at  various  heights.  Below  are  profiles  of 
refractivity,  humidity,  and  temperature  computed  from 
successive  balloon  ascents  on  Sept.  27, 1995  (Julian 
Day  270). 


Here  O  is  the  mean  refractivity  at  level  z.  The  vertical  shear  of  horizontal  wind  dv/dz  is  obtained 
from  the  radar’s  first  spectral  moment  while  the  stmcture  parameter  of  turbulent  refiactive  index 

fluctuations,  is  obtained  from  the  zeroth  moment  (power)  of  the  atmospheric  contribution  to  the 
Doppler  spectra.  and  are  the  turbulent  length  scales  of  refractivity  and  velocity,  respectively. 
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Previous  attempts  to  calculate  these  parameters 
from  profilers  operating  in  a  high-time-resolution 
mode  were  discouraging,  primarily  because  the 
radar  spectra,  and  hence  the  spectral  moments,  are 
routinely  contaminated  by  aircraft,  birds,  radio 
frequency  interference,  clutter,  etc. 

In  1994  we  tried  using  manually  edited  Doppler 
spectra  recorded  with  ETL’s  new  transportable 
449  MHz  profiler  with  much  greater  success. 
Editing  involves  manually  deleting  false  targets 
prior  to  calculating  spectral  moments.  Encouraged 
by  these  results,  in  1995  we  collected  449  MHz 
radar.  Radio  Acoustic  Sounding  System  (RASS) 
temperature,  and  integrated  precipitable  water 
vapor  (IPW)  at  Pt.  Lx)ma  in  southern  California, 
near  San  Diego,  during  a  time  when  large  contrasts 
in  air  mass  occur,  creating  large  atmospheric 
gradients  to  better  evaluate  the  technique. 


Rg.  3.  Wind  speed  (right)  and  direction  (left)  estimates  from  5-beam 
wind  profiler  data  using  conventional  processing  algorithms  (above)  and 
using  Minimization  of  the  Variances  of  Differences  (MVD)(below),  for 
four  successive  cycles  of  the  radar  beams.  The  balloon  sounding  made 
during  radar  data  acquisition  is  shown  by  the  heavy  dashed  line. 
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Rg.  2.  Range-gated  wind  profiler  spectra  for  the  north,  east,  south 
and  west  beams.  Dwell  time  for  each  beam  was  about  33  s.  The 
center  of  the  horizontal  line  on  each  spectrum  represents  the 
computer-estimated  first  moment  (radial  velocity)  while  the  length 
of  the  horizontal  line  is  the  computer  estimate  of  second  moment 
(velocity  spread)  in  the  sensing  volume.  Unedited,  these  type  of 
data  can  lead  to  errors  in  wind  estimates,  particularly  at  low 
altitudes. 


Pt.  Loma  Results 

Fig.  1  shows  typical  soundings  of  temperature 
obtained  from  rawinsonde  data  during  the  Pt. 
Loma  experiment.  To  avoid  the  severe  clutter 
found  in  the  lower  range  gates  we  performed 
our  analyses  during  times  when  temperature 
inversions  were  above  500  m  (e.g.  Sept.  27, 
1995,  Julian  day  270).  Fig.  2  shows  range¬ 
gated  spectra  generated  by  NOAA  Aeronomy 
Laboratory’s  Profiler  On-line  Program  (POP) 
for  one  cycle  of  four  beams.  The  dwell  time 
for  each  beam  was  approximately  33  s. 
Superimposed  on  the  spectra  are  horizontal 
lines  indicating  the  spectral  width  (second 
moment)  calculated  by  POP.  It  is  obvious  that 
spectral  features  not  associated  with 
atmospheric  winds  severely  contaminate  POP 
moment  products.  For  this  study  we  manually 
edited  individual  spectra  to  select  single 
spectral  peaks  that  we  judged  to  originate  from 
atmospheric  returns. 
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In  addition  to  manual  editing,  we  applied  a  new 
technique  called  Minimization  of  the  Variance  of 
Differences  (MVD)  to  the  off-vertical  beams 
before  calculating  the  horizontal  winds,  and  used 
the  same  technique  to  calculate  and  correct  for 
vertical  air  motion  in  the  analysis  of  RASS 
temperature  profiles.  Figures  3  and  4  show 
improvements  to  standard  POP-derived  wind  and 
temperature  profiles  that  result  from  application  of 
MVD. 


Profiles  of  various  quantities  derived  solely  from 
radar  signatures  (after  editing  out  false  targets  in 
the  spectra  and  application  of  MVD)  for  three 
successive  cycles  of  the  radar  beams  that  occurred 
during  a  single  balloon  ascent  are  presented  in 
Fig.  5.  The  right-most  profiles  of  d^/dz  include 
values  calculated  independently  from  balloon  data  (dashed  line)  for  comparison.  The  consistency 
of  the  derived  radar  profiles  and  the  good  agreement  with  the  balloon  profiles  are  encouraging  and 
suggest  that  the  information  content  of  radar  wind  profiler  signals  is  sufficient  to  calculate  useful 
profiles  of  refractive  index  gradients.  Much  work  remains  to  make  such  calculations  routine  and 

operational,  however,  because  human  judgement  is 
still  required  to  edit  out  false  targets  in 
contaminated  spectra.  Please  note  that  we  did  not 
discuss  other  important  concerns,  such  as  how 
compensation  was  made  for  radar  beam 
broadening,  the  determination  of  important 
atmospheric  constants  such  as  temperature  or 
velocity  length  scales,  gradient  sign  ambiguity,  or 
the  extension  of  the  technique  to  non-stable 
atmospheres  as  described  by  Gossard  et  al.  [in 
publication,  1997]. 


Humidity  Gradients 

For  subjective  analyses,  humidity  profiles  are  of 
more  use  to  meteorologists  than  refractive  index 
gradients.  However,  we  know  that  the  gradient  of 
humidity  is  closely  related  to  refractivity  through 
the  equation 


Fig.  4.  Applying  MVD  to  better  estimate  vertical  atmospheric 
motion  leads  to  improved  RASS-measured  temperature  profilers 
(right)  with  respect  to  profiles  computed  with  vertical  motion 
measured  in  a  standard  fashion  (left),  for  four  successive  radar 
soundings.  The  balloon  sounding  made  during  radar  data 
acquisition  is  indicated  by  the  heavy  dashed  line. 


Fig.  5.  Profiles  (from  left  to  right)  of  refractive  index  structure 
parameter,  vertical  velocity  structure  parameter,  horizontal  wind 
speed,  and  gradient  of  refractivity,  for  three  sets  of  three 
successive  radar  measurements.  The  right-most  profiles  of 
refractivity  gradients  also  include  profiles  computed  from  a 
balloon  sounding  whose  ascent  time  was  comparable  to  the  period 
of  time  it  took  to  make  the  radar  measurements. 


^  =  i  ^  ^  ^ 

dz  b  dz  b  dz 
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Here  dQldz  is  the  gradient  of  potential  temperature 
0  with  height,  which  can  be  measured  well  by  the 
same  radar  using  RASS,  and  a  and  b  are  physical 
constants.  Fig.  6  shows  profiles  of  the  graident  of 
humidity  derived  solely  by  radar,  and  derived  by 
balloon.  Again,  the  degree  of  correlation  between 
these  independent  profiles  gives  us  hope  that  the 
radar  alone  might  someday  be  able  to  operationally 
measure  humidity  gradients.  Then,  if  the  radar’s 
measurements  are  combined  with  a  measurement 
of  surface  humidity  and  a  measurement  of  PW, 
e.g.,  by  inexpensive  Global  Positioning  System 
(GPS)  techniques  [Rocken  et  al.,  1993,  Gutman  et 
al.,  1995],  one  could  potentially  integrate  the 
radar-derived  humidity  gradients  with  sufficient 
constraint  to  obtain  profiles  of  humidity  in  the 
boundary  layer  (and  above),  where  most 
atmospheric  water  vapor  resides. 


Fig.  6.  Gradients  of  humidity  calculated  solely  by  radar  and  by 
balloon,  in  the  presence  of  clouds.  Clouds  would  prevent  similar 
measurements  by  lidar  above  cloud  base.  Combined  with  a 
surface  measurement  of  humidity  and  a  GPS  measurement  of 
integrated  humidity,  both  inexpensive  additions  to  the  radar, 
continuous  all-weather  profiling  of  boundaiy  layer  humidity  would 
be  possible,  with  temporal  resolution  of  a  few  minutes. 


Summary 

We  have  conducted  an  experiment  to  assess  the  ability  of  a  449  MHz  radar  wind  profiler  to  measure 
gradients  of  reffactivity,  and  are  encouraged  by  the  results  obtained  when  strong  gradients  were 
present.  However,  advances  in  automatic  signal  processing  are  required  to  make  the  technique 
operationally  feasible,  because  current  standard  wind  profiler  spectral  moment  products  are  too 
inaccurate  to  use  without  considerable  editing  and  averaging,  because  spectral  contamination  is  often 
encountered.  Once  gradients  of  reffactivity  are  calculated  accurately,  it  is  possible  to  combine  them 
with  other  measurements  to  obtain  profiles  of  humidity  throughout  the  boundaiy  layer  (and  above). 
For  input  to  numerical  weather  forecast  models,  however,  direct  assimilation  of  radar-observed 
refractive  index  or  humidity  gradients  may  prove  most  useful. 
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ABSTRACT 

Weather  and  environmental  effects  on  dismoimted  soldiers  can  substantially  impair  mission 
performance  and,  in  the  extreme,  may  result  in  severe  or  life  threatening  thermal  injuries.  An 
automated  real-time  capability  to  assess  these  soldier  system  risks  in  the  temporal  and  spatial 
domain  of  dismounted  infantry  battlespace  scenarios  is  synergistic  with  larger  efforts  to  improve 
the  overall  effectiveness  of  dismounted  warfighters.  We  have  completed  initial  integration  of  a 
suite  of  human  thermal  strain  prediction  models  with  automated  real-time  weather  and  terrain 
information  resources.  Current  models  predict  scenario-dependent  exposure  limits  in  hot  or  cold 
environments  and  during  cold  water  immersion.  In  June  1996  a  test  bed  system  was  installed  at 
the  U.S.  Army  Ranger  training  facilities  at  Camp  Rudder,  Eglin  Air  Force  Base,  Florida.  The 
MERCURY -Ranger  Test  Bed  system  uses  the  existing  network  resources  and  automated  weather 
data  acquisition  infrastructure  at  Eglin  to  obtain  required  predictive  model  inputs  such  as  air 
temperature,  humidity,  wind  speed,  solar  radiation  and,  for  the  cold  immersion  model,  water 
temperature  and  depth.  Using  standard  Internet  connections  between  MERCURY  and  Eglin’s 
Range  Automated  Weather  Stations  (RAWS)  base  station  computer,  weather  data  firom  seven  to 
ten  RAWS  stations  are  automatically  ingested  at  hourly  intervals.  These  geo-located  weather 
data  sets  are  then  interpolated  in  the  context  of  Digital  Topographic  Elevation  Data  (DTED)  to 
provide  gridded  weather  information  at  1  km  spatial  resolution  across  a  100  by  100  kilometer 
Eglin  area  -window.  Individual  weather  parameters  or  predictive  model  outputs  are  then  displayed 
over  a  DTED  greyscale  image  as  simple  color-coded  overlay  products.  The  test  bed  is  used  to 
validate  methods  needed  to  extend  this  capability  to  operational  settings. 
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1.  INTRODUCTION 


1.1  Dismounted  Infantry  Battlespace.  One  of  the  most  austere  and  demanding  military 
environments  is  that  experienced  by  the  dismounted  infantry  soldier  during  sustained  or 
continuous  combat  operations.  The  soldier,  and  the  equipment  he  carries  to  establish  a  tactical 
advantage  in  survivability  and  lethality,  must  function  in  a  temporally  and  spatially  dynamic 
natural  environment.  Local  weather  conditions  and  the  physiological  demands  of  movement 
over  terrain,  load  carriage,  and  chemical  protective  clothing  can  interact  to  produce  a  significant 
impact  on  both  the  health  and  performance  of  the  soldier  system  (Matthew  and  Santee,  1991). 
Although  considerable  meteorological  resources  are  focused  on  aviation  operations  and 
atmospheric  conditions  above  tree  top  level,  it  is  the  very  lowest  part  of  the  atmosphere  that 
affects  humans  on  the  ground.  The  vertical  dimension  for  the  volume  space  in  which  the 
dismounted  soldier  operates  is  the  lowest  two  meters  of  the  atmosphere,  down  to  and  including 
the  surface  terrain.  In  field  training  or  operational  settings,  the  horizontal  dimensions  are 
typically  on  the  order  of  tens  of  kilometers  across  the  terrain.  The  potential  for  physiologically 
significant  spatial  and  temporal  differences  in  environmental  parameters  within  this  "human- 
scale"  battlespace  is  substantial  (Santee  et  al.,  1994).  In  spite  of  the  inherent  complexity  of  lower 
boundary  layer  meteorology,  a  growing  recognition  of  the  tremendous  influence  of  surface  level 
atmospheric  effects  on  battlefield  systems  has  driven  requirements  for  improved  tactical  weather 
information  resources.  Current  efforts  to  exploit,  validate,  and  integrate  those  technologies 
needed  to  develop  near  real-time  soldier  system  oriented  decision  aids  are  necessary  and 
synergistic  with  the  wider  Army  thrust  to  manage  battlefield  weather  effects  on  the  total 
warfighting  system. 

1.2  Assessing  Thermal  Injury  Risks.  The  ability  to  identify  and  quantify  thermal  injury  risk  to 
warfighters  in  real-time  training  or  operational  settings,  without  direct  physiological 
measurements,  is  an  important  baseline  capability  for  command  and  control .  Thermal  strain 
prediction  models,  mathematical  representations  of  what  we  know  about  human  responses  to 
the  environment,  provide  a  way  to  integrate  human  and  mission-related  factors  with  weather  data 
to  estimate  soldier-system  effects.  The  practical  application  of  these  models  is  critically 
dependent  upon  the  availability  of  weather  data  across  the  domain.  Evolving  battlefield 
computer  and  communications  resources  provide  the  essential  infrastructure  needed  to 
automatically  ingest  weather  information  and  could  run  appropriate  soldier  system-oriented 
predictive  models. 

1.3  The  MERCURY  System.  Originally  developed  by  the  Army  Research  Laboratory’s 
Battlefield  Environment  Directorate  as  an  integrated  software  system  for  acquiring,  analyzing, 
and  extrapolating  meteorological  data  in  real  time,  MERCURY  provides  an  automated  capability 
to  spread  data  from  a  limited  number  of  weather  stations  across  a  region  roughly  100  by  100  km 
at  up  to  1  km  spatial  resolution  ( Fields  et  al.,  1992).  The  resulting  gridded  weather  data,  as  well 
as  informational  products  derived  from  that  data,  can  be  visualized  in  MERCURY  as  digital 
terrain  overlay  images.  A  logical  extension  of  these  capabilities  is  real  time  overlay  products 
focused  on  thermal  injury  risk  assessments  for  dismounted  infantry  scenarios.  The  fusion  of 
MERCURY’S  intermediate  process  weather  products  with  physiological  models  provides  the 
spatial  and  temporal  context  relevant  to  warfighters  in  the  dismounted  infantry  battlespace.  In 
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1993  we  began  an  effort  to  develop  software  interfaces  that  would  enable  thermal  strain 
prediction  models  to  exploit  MERCURY’S  gridded  weather  data  as  input  fields  in  a  highly 
automated,  real  time  computing  and  display  environment.  The  USARIEM  Heat  Strain  Model 
(Pandolf  et  al.,  1986;  Gonzalez  and  Stroschein,  1991)  was  the  first  thermal  strain  prediction 
model  to  be  integrated  with  MERCURY.  Science  Applications  International  Corporation 
(SAIC)  completed  the  initial  Prototype  MERCURY/Heat  Strain  software  in  February  1994 
(McNally  et  al.,  1994;  Matthew  et  al.,  1994).  In  October  1994  we  obtained  approval  to 
incorporate  a  Cold  Survival  Time  model  developed  by  the  Defence  and  Civil  Institute  of 
Environmental  Medicine  (DCIEM),  Ontario,  Canada  (Tikuisis  and  Frim,  1994;  Tikuisis,  1995). 

1.4  The  MERCURY-Ranger  Test  Bed.  In  February  1995,  four  hypothermia  deaths  occurred 
among  U.S.  Army  Ranger  students  during  swamp  training  exercises  along  the  Yellow  River, 
Eglin  Air  Force  Base,  Florida.  This  incident  sparked  a  critical  reevaluation  of  current  procedures 
and  resources  for  thermal  injury  risk  assessment  in  general  and  hypothermia  in  particular. 
Following  a  briefing  of  MERCURY’S  current  and  plarmed  capabilities  to  the  Ranger  leadership 
in  May  1995,  it  was  determined  that  the  installation  of  a  test  bed  MERCURY  system  at  Camp 
Rudder  would  benefit  the  Ranger  training  operations  there  (McWilliams,  1996).  Initial 
installation  was  completed  in  June  1996  and  DCIEM’ s  prototype  cold  immersion  model  was 
added  in  October  1996. 


2.  OBJECTIVES  AND  SCOPE 

Our  primary  objective  is  to  briefly  describe  the  MERCURY-  Ranger  Test  Bed  system  currently 
located  at  Camp  James  E.  Rudder,  Eglin  AFB,  Florida.  Scope  is  limited  to  functional 
descriptions  of  the  local  infrastructure  support  that  enables  the  continuous  weather  data  input 
stream  to  MERCURY,  the  suite  of  physiologically  based  thermal  strain  prediction  models  that 
have  now  been  linked  within  it,  and  the  user  level  input  and  ou^ut  display  facilities.  The  origin 
and  development  of  MERCURY’S  weather  spreading  algorithms/heuristics  as  well  as  estimates 
of  their  performmce  accuracy  have  been  described  previously  (  Fields  et  al.,  1992)  and  will  not 
be  addressed  in  this  paper. 


3.  SYSTEM  DESCRIPTION 

3.1  Overview.  The  Ranger  Test  Bed  consists  of  three  essential  components:  The  fixed  site 
weather  stations  deployed  across  Eglin,  the  communications  systems  that  connect  the  stations 
with  MERCURY ,  and  finally,  the  Unix  computer  running  MERCURY  that  controls  the  data 
flow,  accepts  the  user  input,  processes  the  data  and  displays  the  output  product.  An  overall 
schematic  of  the  current  system  is  shown  at  Figure  1 . 
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Figure  1.  Schematic  overview. 


It  should  be  noted  that  the  link  between  the  Air  Force  central  weather  station  computer  at  Eglin 
and  MERCURY  at  Camp  Rudder  is  an  Internet  link  using  standard  Transmission  Control 
Protocol/Intemet  Protocol  (TCP/IP).  This  means  that  MERCURY  running  remotely  (from  any 
physical  location)  and  in  real  time,  could  evaluate  data  for  any  region  in  the  world  that  has 
Internet  accessible  hourly  local  weather  station  data. 

3.2  Weather  Stations.  Seven  automated  weather  stations  located  across  the  Eglin  area  are 
controlled  and  maintained  by  the  U.  S.  Air  Force.  This  system,  known  as  the  Range  Automated 
Weather  Stations  (RAWS)  is  critical  supporting  infrastructure  for  the  MERCURY 
implementation  at  Camp  Rudder.  The  weather  stations  automatically  measure  and  record  air 
temperature,  humidity,  wind  speed,  wind  direction,  solar  radiation,  barometric  pressure,  rainfall 
and  other  parameters  that  relate  to  forest  fire  hazards.  Three  additional  weather  stations, 
purchased  by  the  Rangers  and  located  along  the  Weaver  and  Yellow  Rivers,  measure  water 
temperature  and  depth  as  well  as  the  standard  RAWS  parameters. 

3.3  Weather  Data  Communications  Links  to  MERCURY.  At  hourly  intervals,  date  and  time 
stamped  weather  data,  along  with  each  station’s  identification  code,  are  transmitted  by  radio 
frequency  modem  to  a  central  computer,  the  RAWS  base  station,  located  at  the  U.S.  Air  Force 
46th  Weather  Flight  offices  at  Eglin.  In  early  1997  the  three  stations  along  the  Yellow  and 
Weaver  rivers,  currently  accessible  by  cell  phone  modem  only,  will  be  connected  to  the  RAWS 
base  station  by  radio  frequency  modem.  Because  the  weather  data  files  on  this  computer  are 
accessible  using  TCP/IP  and  the  network  File  Transfer  Protocol  (FTP),  national  infrastructure 
communications  resources  can  be  exploited  to  complete  the  link  between  the  weather  station 
sensor  readings  and  MERCURY. 
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3.4  The  MERCURY  Computer  System.  The  MERCURY  computer  at  Camp  Rudder  runs 
under  a  Unix  operating  system.  A  Sun  SPARCstation  5,  running  Sun  Solaris  2.4,  provides  all 
needed  Internet  facilities  and  the  Openwindows  windowing  environment.  MERCURY  currently 
needs  a  minimum  of  48  MBytes  RAM  and  150  MBytes  of  free  disk  space  to  run.  The  test  bed 
computer  has  96  MBytes  of  RAM,  4  GBytes  of  total  disk  space,  a  20  inch  color  monitor  and  is 
linked  to  the  Eglin  computer  network  via  ethemet.  Every  hour  the  computer  automatically 
connects  to  the  RAWS  base  station,  downloads  the  latest  weather  data  files  via  FTP,  and,  using  a 
specialized  parsing  procedure,  converts  the  weather  data  files  to  the  MERCURY  format.  A 
Hewlett  Packard  Color  LaserJet  printer  provides  hard  copy  prints  of  user  selected  output  images. 

3.5  Terrain  Data  and  Field  of  View.  The  test  bed  field  of  view  at  Eglin  is  1  arc  degree  of 
latitude  and  longitude:  from  30®  to  3 1®  North  Latitude  and  from  86®  to  87®  West  Longitude. 

Using  those  coordinates.  Defense  Mapping  Agency’s  Level  1  Digital  Topographic  Elevation 
Data  (DTED)  data  were  extracted  from  our  CDROM  library  and  referenced  to  the  Clark  1 866 
spheroid  to  allow  geolocation  in  either  latitude/longitude  or  Universal  Transverse  Mercator 
(UTM)  coordinate  space.  The  DTED  file,  in  greyscale  representation,  provides  the  background 
image  for  the  overlay  products  on  the  MERCURY  screen.  This  region  encompasses  key  sections 
of  the  Yellow  and  Weaver  Rivers,  where  Ranger  training  is  conducted,  as  well  as  most  of 
Choctawhatchee  Bay  and  a  section  of  the  Gulf  coast.  East  and  West  of  Fort  Walton  Beach, 
Florida.  A  black  and  white  image  of  a  MERCURY  display  screen  is  shown  at  Figure  2. 


Figure  2.  Black  and  white  image  of  MERCURY  display  screen. 
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3.6  Thermal  Strain  Models.  The  thermal  strain  prediction  models  currently  integrated  with 
MERCURY  consist  of  a  heat  strain  model,  a  cold  survival  time  model,  and  a  prototype  partial 
immersion  hypothermia  model.  It  should  be  noted  that  the  cold  survival  time  model  software 
module,  though  not  relevant  to  risk  management  at  Camp  Rudder,  resides  as  a  potential 
application  for  search  and  rescue  operations  in  other  locations. 

3.7  Weather  Data  for  the  Models.  Each  of  the  reporting  weather  stations  is  represented  by  an 
icon  on  the  MERCURY  display  window.  Data  from  individual  stations  may  be  reviewed  by 
point  and  click  using  the  computer  mouse.  The  hourly  MERCURY-processed  weather  data  used 
for  input  to  the  test  bed  heat  strain  and  cold  survival  time  model  implementations  have  a  spatial 
resolution  of  approximately  2.5  kilometers.  The  Eglin  field  of  view  thus  represents  a  40  by  40 
array  of  1600  cells,  each  cell  in  effect  containing  an  air  temperature,  humidity,  wind  speed,  and 
solar  radiation  value  for  mput  to  the  selected  model.  The  data  sets  for  the  partial  immersion 
model  consist  exclusively  of  water  and  ambient  atmosphere  parameters  actually  measured  by  the 
three  stations  along  the  river.  The  immersion  model  input  and  ouQ)ut  thus  reflects  conditions  at 
the  three  station  locations  along  the  river,  a  “discrete  point”  rather  than  “area”  representation. 

3.8  User  Input  Requirements.  The  test  bed  thermal  models  share  certain  common 
requirements,  the  most  important  of  which,  from  a  user  perspective,  is  the  need  for  information 
about  the  average  warfighter  being  modeled.  Although  the  weather  data  input  stream  is 
automated,  the  thermal  strain  models  that  run  within  MERCURY  require  user  input  of  soldier 
characteristics,  clothing  type,  and  the  level  of  physical  effort  required  by  the  military  mission. 
These  inputs,  crucial  to  any  realistic  determination  of  risk  level  by  the  models,  are  selected  by  an 
intuitive  "point  and  click"  graphical  interface  using  the  system  mouse.  Until  field  validation  and 
sensitivity  studies  are  completed  it  is  not  possible  to  make  rational  decisions  on  appropriate 
default  values  to  streamline  the  user  input  process.  It  is  expected  that  the  test  bed  itself  will  be  a 
prime  resource  in  those  studies. 

3.8.1  Heat  Strain  Inputs.  The  heat  strain  model  currently  requires  user  input/selection  of  body 
height  and  weight,  hydration  status  (5  categories),  acclimatization  ( days  of  prior  heat  exposure), 
estimated  work  load  (4  categories),  and  clothing  type  (5  categories). 

3.8.2  Cold  Survival  Time  Inputs.  The  cold  survival  time  model  requires  user  input/selection 
of  body  height  and  weight,  percent  body  fat,  and  clothing  insulation.  This  model  assumes 
minimal  physical  activity. 

3.8.3  Cold  Water  Partial  Immersion  Inputs.  The  partial  immersion  model  currently  requires 
user  input/selection  of  body  height  and  weight,  percent  body  fat,  age,  clothing  insulation,  non- 
immersed  clothing  wetness,  walking  speed,  load  carried,  and  terrain  type  (4  categories). 

3.9  Output  from  the  Models.  The  common  thermal  strain  model  output  format  in  the 
MERCURY  environment  is  based  on  a  classification  of  predicted  results  into  three  color  coded 
categories:  green  for  low  risk,  amber  for  moderate  risk,  and  red  for  high  risk.  For  the  heat  strain 
and  cold  survival  time  models,  the  spatial  resolution  of  the  color  coded  terrain  overlay  image  is 
currently  about  2.5  kilometers,  and  each  output  parameter  image  represents  model  results  from 
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1600  individual  weather  data  cells  within  the  MERCURY  field  of  view.  The  output  from  the 
cold  water  partial  immersion  model  is  a  point  estimate  for  each  river  station  location. 

3.9.1  Heat  Strain  Output.  The  heat  strain  model  outputs  consist  of  user  selectable  color  coded 
overlays  for  casualty  risk,  optimal  work/rest  cycle  limits,  maximum  safe  work  time,  and  hourly 
drinking  water  needs. 

3.9.2  Cold  Survival  Time  Output.  The  cold  survival  time  model  output  consists  of  a  color 
coded  overlay  of  time  in  hours  until  a  body  temperature  of  30  “C  would  be  reached. 

3.9.3  Cold  Water  Partial  Immersion  Output.  The  partial  immersion  model  output  is  based  on 
the  time  required  to  reach  a  body  core  temperature  of  35.5  °C  and  the  user  specified  estimate  of 
mission  duration.  If  the  time  to  35.5  “C  is  substantially  longer  than  the  mission  time,  the  station 
icon  is  shown  in  green.  If  the  time  to  35.5  °C  is  less  than  the  expected  mission  duration,  the 
station  icon  is  shown  in  red.  Marginal  times  are  shown  in  amber.  By  clicking  the  mouse  on  the 
station  icon,  a  text  panel  showing  the  predicted  values  may  be  viewed. 


4.  FUTURE  EFFORTS 

4.1  Validation  Studies.  Field  research  studies  using  soldier  volunteers  in  tactically  realistic 
settings  are  a  critical  part  of  the  forward  evolution  of  the  MERCURY’S  thermal  stress  modeling 
capabilities.  USARIEM  will  conduct  human  use  approved  protocols  with  Ranger  volunteers  in 
1997  to  build  the  physiological  database  needed  to  improve  and  validate  test  bed  model 
implementations,  and  ultimately  transition  their  functionality  to  operational  users. 

4.2  Additional  Site  Implementations.  The  establishment  of  additional  real-time  test  beds  in 
other  locations  will  provide  an  important  opportunity  to  test  and  evaluate  the  predicted 
physiological  responses  of  dismounted  soldiers  in  a  variety  of  terrain  types  and  mission 
scenarios.  USARIEM  and  ARE  will  assist  the  Dismounted  Infantry  Battlespace  Battle  Lab  with 
a  MERCURY  installation  at  Fort  Benning,  Georgia  in  1997. 

4.3  Real  Time  Physiological  Monitoring.  The  test  bed’s  network  and  computing  resources 
could  also  be  exploited  in  real  time  to  process  physiological  sensor  data  and  display  individual 
warfighter  status.  In  future  command  and  control  instantiations,  fusion  of  real  time 
physiological  data  with  predictive  models  would  allow  automated  input  and  initialization  of 
individual  soldier  modeling  runs  to  identify  soldiers  at  risk,  well  in  advance  of  actual  injury. 

4.4  Weather  Forecast.  MERCURY  currently  relies  on  hourly  weather  data  to  provide  products 
which  are  essentially  a  “nowcast.”  The  integration  of  a  high  resolution  mesoscale  weather 
forecast  model  with  MERCURY’S  thermal  strain  models  would  allow  site-specific  thermal  injury 
risk  predictions  out  to  24  hours.  The  Battlescale  Forecast  Model  (BFM),  currently  imder 
development  by  ARL’s  Battlefield  Environment  Directorate,  is  an  ideal  mesoscale  model  to 
provide  the  required  gridded  weather  data. 
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5.  CONCLUSION 


The  MERCURY-Ranger  Test  Bed  represents  an  essential  first  step  in  defining  the  technical 
requirements  for  operational  systems  that  could  provide  highly  automated,  spatially  and 
temporally  accurate  representations  of  thermal  injury  risks  in  the  dismounted  infantry 
battlespace. 
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Abstract 

The  CREATION  (Computer  generation  of  Realistic  Environments  with  Atmosphere  for 
Thermal  Imagery  with  Optics  and  Noise)  scene-simulation  program  produces  high-quality,  realistic, 
3-dimensional  battlefield  environments  suitable  for  simulating  battlefield  flight  scenarios. 
CREATION  simulates  detailed  scene  geometries  based  on  actual  geographical  locations  using 
Defense  Mapping  Agency  (DMA)  Digital  Terrain  Elevation  Data  (DTED)  with  dynamic  targets  and 
sensor  platforms  controlled  in  all  six  degrees  of  freedom.  Target  signatures  and  background 
component  temperature  are  predicted  by  existing  thermal  prediction  models  using  actual 
meteorological  and  environmental  input  data.  The  weather  data  may  also  be  used  to  simulate 
LOWTRAN-equivalent  atmospheric  transmission  and  accurate  battlefield  obscurant  effects.  The 
CREATION  program  suite  includes  a  feature  editor  to  digitally  map  scene  components.  The 
CREATION  scene  simulator  also  includes  a  state-of-the-art  vegetation-rendering  program  with  a 
library  of  tree  files  applicable  to  a  variety  of  geographical  areas.  Other  CREATION  scene-rendering 
methodologies  discussed  include  efficient  ground-texturing  techniques  and  the  vegetation  model. 

Introduction 

The  objective  of  the  CREATION  scene-generation  program  is  to  simulate  realistic, 
multispectral,  three-dimensional  scenes  (e.g.,  IR,  visible)  of  a  wide  variety  of  geographical  locations 
and  environmental  conditions.  This  capability  will  reduce  the  US  Army’s  dependence  on  actual  field 
data-collection  activities  by  providing  a  verified/validated  synthetic  scene-generation  methodology 
that  can  be  used  to  supplement  real  data  for  many  applications.  Some  of  these  applications  include 
the  development,  testing,  and  evaluation  of  automatic  target  recognizer  (ATR)  algorithms,  image- 
clutter  metrics  research,  signature  phenomenology  research,  mission  planning,  training,  human 
perception  study,  and  multispectral-sensor  modeling. 

General  Design  of  CREATION 

The  CREATION  simulation  model  consists  of  several  programs  developed  in-house  that 
integrate/  interface  various  target  geometry,  terrain  data,  and  thermal-prediction  model  outputs  into 
an  extremely  powerful  research  tool.  The  internally  developed  software  includes  the  Feature  Editor, 
the  CREATION  scene  generator  program  (graphics  user  interface,  vegetation  model,  surface¬ 
texturing  process,  and  atmospheric  and  sensor-simulation  models).  The  relationship  of  CREATION 
to  other  models  is  shown  in  figure  1. 
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Figure  1.  Overview  of  CREATION  scene  generation  process. 

External  Models/Input  Databases 

Generally,  CREATION  requires  existing,  externally  generated  data  files  to  create  simulations 
of  specific  locations  and  scenarios.  The  following  data  are  produced  by  other  programs  and 
processes. 

(1)  Digital  terrain  elevation  data  (DTED)  is  the  standard,  digitally  formatted  DMA-surveyed  data 
that  consists  of  an  array  of  elevation  samples  at  either  100-meter  or  30-meter  intervals. 

(2)  Target  geometry  files  are  either  (a)  Ballistic  Research  Laboratory  computer  assisted  design 
(BRL-CAD)  combinatorial  solid  geometry  (CSG)  files  that  are  converted  to  faceted  geometry 
via  the  Faceted  Region  EDitor  (FRED)  from  the  Tank  Automotive  Command  Research, 
Development,  and  Engineering  Center  (TARDEC),  or  (b)  MAXCAD-faceted  geometry  from 
the  Georgia  Technological  Research  Institute  (GTRI). 

(3)  Target-thermal  prediction  output  files  are  generated  using  either  (a)  the  Physically  Reasonable 
Infrared  Signature  Model  (PRISM)  via  FRED,  or  (b)  GTSIG  with  MAXCAD  target  geometric 
input  data  files.  The  thermal-prediction  files  must  be  generated  consistent  with  the  desired 
scenario  (i.e.,  the  physical  location,  target  operating  state  (e.g.,  velocity,  orientation),  and 
meteorological  conditions)  to  realistically  simulate  the  temperature  profile. 

(4)  Background  thermal-prediction  output  files  are  created  using  the  Interim  Thermal  Model  (ITM) 
from  the  Smart  Weapons  Operability  Enhancement  (SWOE)  programAV aterways  Experiment 
Station  (WES).  This  model  uses  meteorological  data  to  predict  the  temperature  profiles  of 
vegetation,  roads,  and  soil  surfaces 

Internally  Generated  Data 

The  location  and  type  of  the  sensor,  types  of  vegetation  present,  locations  of  roads,  bodies  of 
water,and  the  like  must  be  specified  to  simulate  realistic  scenarios.  The  following  files  are 
alternatively  generated  or  edited  in  the  CREATION  program,  or  in  CREATION’S  Feature  EDitor 
(FED): 
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(1)  Feature  maps  are  rasterized  representations  of  the  data  necessary  to  define  the  scene  content  with 
respect  to  vegetation,  soil,  rocks,  roads,  and  bodies  of  water  in  the  final  DMA  DTED-mapped 
area. 

(2)  Color-spectral  files  are  required  for  image  synthesis.  The  inputs  describe  color  and  lighting 
model  parameters  (e.g.  ambient  light,  diffuse  light,  specular  light,  and  highlighting)  for  the 
principal  background  and  target  components,  exclusive  of  the  trees.  The  emissivities  and 
reflectivities  in  the  3-5  and  8-12  |i  bands  are  also  defined. 

(3)  Object-attribute  files  describe  munitions,  targets,  and  nonsolar  light  sources.  These  files  specify 
the  following:  (a)  target  geometry,  (b)  target  thermal  prediction,  (c)  target  camouflage  pattern, 
and  (d)  target  position(s).  The  target-position  file  specifies  the  target’s  orientation  with  respect 
to  each  of  its  six  degrees  of  freedom  in  time.  The  positions/orientations  of  munitions  and  up  to 
seven  independent,  nonsolar  light  sources  are  similarly  specified.  The  munitions  are  defined 
according  to  the  COMBIC  obscurant  model  types.  The  RGB  specifications  of  each  munition’s 
smoke  and  the  independent-light-  source  colors  are  defined  in  the  object-attribute  files,  along 
with  general  lighting  characteristics  for  movable  point  sources  and  spotlights. 

(4)  Target-camouflage  patterns  may  either  be  selected  predefined  visible  camouflage  patterns  or 
user-created  patterns. 

(5)  The  camera  sensor-position  file  is  analogous  to  the  position  file  for  the  target.  The  sensor’s 
position,  orientation,  and  its  field  of  view  determine  what  will  be  seen  at  any  instant. 

(6)  Input  into  the  atmospheric-transmission  parameter  file  controls  atmospheric  transmission  effects 
through  specification  of  properties  such  as  humidity,  rate  of  precipitation,  reference  altitude,  and 
wavelength  limits.  These  internal,  atmospheric-transmission  model  inputs  can  be  either 
empirical  or  modeled,  using  a  variety  of  other  atmospheric-transmission  models  (e.g., 
LOWTRAN,  MODTRAN,  or  HTTRAN). 

(7)  Sensor-simulation  data  files  consist  of  several  pre-existing  sensor  files;  if  they  don’t  contain  the 
pre-existing  files,  the  user  may  create  new  sensor-simulation  data  files  by  following  the 
recommendations  and  specifications  described  in  the  user's  manual.  [1] 

CREATION  Models  and  Processes 
Tree  Geometry  Model 

For  realistic  high-resolution  rendering  of  natural  backgrounds,  an  accurate  representation 
of  vegetation  geometry  is  needed,  especially  for  trees.  An  algorithmic  method  of  generating  tree 
geometries  using  a  compact  parametric  description  set  is  preferable  to  simulate  many  separate 
species,  and  variations  of  each  species.  The  model  should  render  realistic  trees  efficiently,  so  that 
a  large  number  of  individual  trees  can  be  included  in  the  background  scene.  The  CREATION  tree 
model  [2]  meets  these  criteria  by  adopting  a  mle-based  methodology  that  divides  the  branching 
levels  into  structural  hierarchies  from  the  main  trunk  to  the  smallest  branches  and  leaves.  Each  level 
has  its  own  set  of  specifications  and  subsequent  variational  limits  to  permit  the  variability  of 
structures  found  in  nature,  and  to  allow  the  same  software  code  to  generate  a  wide  variety  of 
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different  tree  species  geometries  (see  Figure  2).  The  parameter  set  is  based  on  basic  geometric 
observables,  such  as,  trunk  and  branch  lengths,  cross-sectional  ratios,  and  branching  angles.  The 
schematic  diagram.  Figure  3,  shows  the  basic  design  concept. 


Figure  2.  Sample  of  synthetic  trees.  Figure  3.  Schematic  tree  diagram. 

Feature  Editor 

The  tree  model  uses  a  range-degradation  methodology  that  reinterprets  the  geometrical 
description  of  the  tree  to  substitute  fewer  lines  and  points  for  polygons  as  range  increases  and  the 
need  for  high-resolution  rendering  is  relaxed.  This  process  is  performed  gradually,  so  that  it  is 
seamless  and  virtually  undetectable,  while  greatly  decreasing  the  drawing  time  per  tree  at  longer 
ranges.  This  feature  is,  of  course,  extremely  important  for  rendering  massed  trees  in  a  forest  for  an 
animation  consisting  of  thousands  of  frames. 

An  important  part  of  the  CREATION  scene-generation  package  is  the  feature  editor,  FED. 
It  enables  modelers  to  create  and  edit  rasterized  maps  used  as  input  by  the  rendering  software.  FED 
is  essentially  a  specialized  multilayer  drawing  program,  with  a  user-friendly  interface  to  aid  the  bit¬ 
wise  manipulation  of  the  resolution-cell  data.  For  instance,  the  bit-pattern  toggle  buttons  for  the 
vegetation  feature  map  activate  1  of  3  possible  kinds  of  grass  and  as  many  as  14  tree  types, 
simultaneously.  The  road,  water,  and  soil  feature  maps  are  similarly  specified.  This  feature¬ 
mapping  capability  permits  high-resolution,  controlled  rendering  of  realistically  cluttered  generic 
or  actual  natural  backgrounds. 

The  feature  editor  can  overlay  multiple  digital  maps  as  semitransparencies  with  perfect 
coregistration  of  the  rasterized  data.  It  also  permits  the  use  of  top-down  aerial  photographs  or 
satellite  imagery  as  templates  to  create  accurate  cultural-feature  maps  (e.g.,  roads,  bodies  of  water, 
vegetation)  that  can  closely  approximate  actual  locations,  when  the  necessary  supporting  data  (e.g., 
road  maps,  vegetation  present,  soil  properties)  are  available. 
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Ground-Surface  Texturing 

The  CREATION  texture-mapping  process  produces  surface-conforming  coarse,  fine,  and 
very  fine  textural  effects.  These  effects  include  vegetation  shadows,  road  surfaces,  soil  maps, 
simplified  water  waves,  and  topographically  specific  gullying.  Vegetative  ground  cover  variations 
are  applied  to  the  surface  texture  map,  according  to  vegetation  feature-map  location  and  defined  or 
modeled  characteristics  (e.g.,  the  general  color  or  temperature  of  each  grass  type).  Individual  grass 
blades  are  drawn  when  image  resolution  and  fidelity  require  that  application. 

Texture  mapping  proceeds  in  four  basic  stages:  (1)  ground-surface  texture  differences,  (2) 
erosive  effects  (gullying)  that  are  dependent  on  the  local-terrain-surface  gradient,  (3)  tree  shadows 
drawn  according  to  solar  inclination  and  azimuth  angles,  and  (4)  vegetative  ground  texturing  to 
modulate  assigned  grass  colors  or  temperatures,  and  to  characterize  the  grass  surfaces  at  ranges 
where  resolution  is  so  good  that  it  diminishes  the  necessity  to  render  individual  grass  blades. 

Ground-surface  texturing  is,  itself,  a  multistage  investigative  technique,  consisting  of:  (1) 
finding  gross  surface  texture  over  the  entire  area,  (2)  applying  fine  texture  with  16  times  the 
resolution  of  the  gross  surface  texture  map,  and  (3)  applying  very  fine  texture  covering  the  same  area 
as  the  fine  texture,  but  adding  bounded  Gaussian  random  noise  to  diminish  the  pattern  repetition  fhaf 
would  otherwise  be  obvious  over  larger  areas.  The  patterns  of  gross  and  fine  texture  are  generated 
using  a  growth-rule  algorithm  that  is  conceptually  similar  to  the  propagation  of  bacterial  colonies 
in  a  culture  medium. 


Atmospheric  Transmission  and  Battlespace  Obscurants 

The  CREATION  simulation  package  has  a  computationally  efficient,  simplified 
LOWTRAN-equivalent  atmospheric  transmission  model  for  the  visible  and  infrared  spectral  bands 
that  applies  attenuation  and  scattering  effects,  with  input  parameters  that  correspond  to  empirical 
meteorological  data  [3].  The  atmospheric  model  also  predicts  altimde-dependent  background  sky- 
radiance  effects.  Other  models  (e.g.,  LOWTRAN,  MODTRAN,  HITRAN)  can  use  the  image  and 
range-buffer  output  for  post-processing  atmospheric  effects.  Figure  4  shows  (a)  an  input  image, 
with  (b)  a  foggy  atmosphere  applied,  followed  by  (c)  the  application  of  sensor  effects  to  the  image. 


(a)  (b)  (c) 

Figure  4.  Input  image  (a),  with  atmosphere  applied  (b),  and  with  sensor  applied  (c). 
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The  CREATION  model  also  has  a  menu  interface  to  define,  locate,  and  set  detonation  or  ignition 
times  of  munitions  or  fires;  set  wind  velocities;  and  then  process  visible  battlespace  obscurants  using 
the  COMBICV  model. 

Sensor,  Optics,  and  Noise  Modeling 

CREATION  scene-generation  software  is  a  powerful  sensor  simulation  model  that  uses  a 
super-set  of  the  FLIR92  sensor  parameters  and  specifications  to  emulate  the  performance  of  a  large 
variety  of  existing  and  proto-typical  thermal  and  visible  sensor  systems  [1]  [4].  The  model  simulates 
optical  blurring  effects,  including  depth-of-field  or  focus,  that  vary  according  to  aperture  size,  range- 
to-pixel,  and  position  on  the  image  plane,  in  addition  to  other  optical  aberrations.  Sensor-sampling 
effects  are  modeled  when  processing  high-resolution  images  (i.e.,  more  than  one  pixel-per-detector 
instantaneous-field-of-view  (IFOV)).  Noise,  particularly  Gaussian-shot  noise,  various  detector 
nonuniformities  and  nonlinearities,  and  sensor-  scanning  and  -sampling  artifacts,  are  added  in 
thermal  sensor  simulations.  This  model  can  easily  emulate  the  effects  seen  (especially)  in  older 
first-generation  forward-looking  infrared  (FLIR)  systems,  as  well  as  those  seen  in  more  advanced 
systems.  Of  course,  other  sensor  models  can  be  used  to  post-process  stored  output  imagery. 

Conclusion 

The  integrated  and  coordinated  scenarios  that  are  simulated  with  CREATION  can  be  useful 
for  a  wide  range  of  applications  relevant  to  batdespace  flight  scenarios  (either  as  attacker  or 
defender),  as  well  as  surface  warfare.  Applying  our  simulation  methodology,  a  defense  modeler  can 
model  aerial  attacks  from  fixed-  or  rotary-wing  aircraft  in  various  realistic  weather  conditions,  using 
modeled  visual-  and  thermal-sensor  systems,  and  also  produce  geometric  facet  data  for  input  into 
advanced  radar  models.  The  study  of  the  effects  of  factors  such  as  weather,  sensors,  and  obscurants, 
on  mission  effectiveness  can  be  made  by  relatively  simple  changes  to  the  appropriate  model  inputs, 
without  altering  the  majority  of  the  files  in  the  scenario  database.  Very  accurate  mission-specific 
simulations  can  be  modeled  when  the  supporting  modeling  tools  or  outputs  are  made  available.  If 
self-consistent  input  data  are  entered  into  the  external-prediction  models,  accurate,  high-fidelity, 
high-resolution  output  imagery  and  output  geometrical  representations  will  be  generated  by 
CREATION.  These  simulations  have  many  apphcations,  including  training  and  mission  planning, 
as  well  as  scientific  research,  engineering  development,  and  testing  of  ATR  algorithms,  human 
perception,  multispectral  sensor  modeling,  and  others. 
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ABSTRACT 

The  refractivity  of  the  lower  atmosphere  effects  the  propagation  paths  of  radars,  radio 
communications  and  navigational  systems.  Variations  in  RF  propagation  conditions  are  of  concern 
in  many  civilian  and  military  operational  systems.  The  refractivity,  thus  local  propagation 
conditions,  can  be  frilly  described  if  the  profiles  of  the  molecular  scatters,  i.e.  molecular  density  and 
particularly  water  vapor  profiles,  are  known.  The  traditional  techniques  used  to  measure  these 
atmospheric  properties  are  based  upon  balloon  sonde  point  sensor  measurement  of  temperature  and 
water  vapor.  Laser  remote  sensing  techniques  can  now  provide  these  measurements  with  high  spatial 
and  temporal  resolution,  under  most  conditions.  Thus,  lidar  measurements  can  directly  provide  RF 
refractivity  profiles.  A  semi-automated  operational  prototype  instrument  has  been  prepared,  Lidar 
Atmospheric  Profile  Sensor  (LAPS),  which  provides  the  meteorological  properties  and  refractivity 
as  real  time  data  products.  Examples  of  the  measurement  capability  for  atmospheric  properties 
obtained  with  the  new  operational  prototype  (LAPS)  instrument  are  presented  which  indicate  the 
capability  of  Raman  lidar  techmques  to  provide  the  real  time  profiles  of  atmospheric  properties  and 
RF  refiraction.  The  LAPS  lidar  was  tested  onboard  the  USNS  Sumner  during  September  and  October 
1996  and  successfully  demonstrated  that  high  quality  meteorological  profiles  can  be  obtained  from 
Raman  lidar.  Results  from  the  real  time  measurements  of  the  atmospheric  profiles  will  be  presented. 


INTRODUCTION 

The  Lidar  Atmospheric  Profile  Sensor  (LAPS)  was  developed  as  a  prototype  for  an 
operational  instrument  which  can  be  deployed  on  aircraft  carriers  or  other  large  ship  and  at  shore 
facilities  to  meet  atmospheric  and  meteorological  data  requirements.  The  LAPS  instrument  can 
provide  profiles  of  the  water  vapor  and  temperature  through  the  lower  troposphere.  These 
measurements  provide  the  profiles  of  RF  refractivity.  The  LAPS  instrument  uses  vibrational  Raman 
scatter  to  measure  the  water  vapor  profiles  and  rotational  Raman  scatter  to  measure  the  temperature. 
The  daytime  measurements  of  water  vapor  are  obtained  by  using  the  “solar  blind”  portion  of  the 
ultraviolet  spectrum.  The  ultraviolet  measurements  also  provide  the  capability  for  measuring  the 
tropospheric  ozone  profiles  from  a  DIAL  (Differential  Absorption  Lidar)  measurement  of  the  Raman 
shifted  N,  and  O,  signals.  The  fabrication  of  the  LAPS  instrument  was  completed  in  April  1996  and 
performance  tests  were  conducted  during  the  rest  of  the  year.  During  September  and  October  1996, 
the  LAPS  instrument  was  deployed  onboard  the  USNS  Sumner  for  performance  testing.  The 
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instrument  has  successfully  demonstrated  capability  to  provide  the  meteorological  profiles  as  real 
time  data  products.  This  report  summarizes  the  significant  results  obtained  during  the  shipboard  tests 
and  describes  the  instrument  performance.  Though  not  covered  in  this  report,  several  significant 
scientific  findings  will  be  addressed  in  future  scientific  publications. 

The  objective  of  the  LAPS  Program  was  to  develop  a  lidar  profiler  capable  of  providing  real 
time  measurements  of  atmospheric  and  meteorological  properties,  particularly  those  profiles  which 
directly  determine  the  RF  refiractivity  in  an  operational  environment. 


BACKGROUND 

The  LAPS  Program  was  begun  in  1991  with  the  goal  of  using  laser  remote  sensing 
techniques  to  provide  an  operational  lidar  sensor  prototype  instrument  for  at  sea  demonstration 
within  5  years.  The  instrument  should  be  rugged,  provide  automated  operation,  and  be  field 
serviceable  such  that  it  can  be  operated  by  Navy  personnel  on  Navy  ships  with  a  reasonable  amount 
of  training.  Measurements  of  water  vapor  and  temperature  profiles  provide  RF  refiactivity  profiles 
covering  altitudes  from  the  surface  to  5  km  with  emphasis  on  the  region  up  to  3  km.  The  instrument 
has  been  prepared  to  become  a  SMOOS  sensor  and  provide  data  through  an  interface  with  the 
TESS(3)  system.  Future  developments  will  include  upgrades  which  add  a  capability  to  measure  the 
wind  velocity  and  describe  the  electro-optical  environment.  A  most  successful  demonstration  with 
sea  tests  of  performance  was  completed  in  October  1996  on  the  USNS  Sumner.  The  LAPS 
mstrument  was  prepared  as  an  operational  prototjqje  for  use  on  aircraft  carriers  and  at  shore  based 
sites.  Many  factors,  such  as  measurement  costs,  persoimel  requirements,  volume  (for  storing 
expendable  instruments  helium  and  preparation  of  the  instrumented  balloons),  pollution  firom  battery 
acid,  radio  signal  give-away  of  ship  location,  and  others,  make  it  important  to  implement  this  new 
technology.  The  LAPS  instrument  can  replace  most  of  the  requirements  for  rawinsonde  balloons, 
particularly  with  the  addition  of  the  wind  sensing  capability  which  has  been  temporally  delayed. 
Since  the  formulation  of  the  original  requirements  for  use  on  aircraft  carriers  and  shore  sites,  the 
need  to  employ  such  an  instrument  on  small  surface  combatants  has  arisen.  The  lessons  learned  in 
the  development  of  the  LAPS  instrument  also  provide  a  basis  for  the  preparation  of  an  advanced 
compact  diode  pumped  lidar  which  will  be  able  to  provide  the  data  required  for  smaller  surfece  ships 
and  on  aircraft,  where  instrument  size  and  weight  are  more  critical  factors. 


RAMAN  MEASUREMENT  TECHNIQUES 

The  vibrational  Raman  back  scatter  signals  fi'om  the  molecules  of  the  water  vapor  and 
molecular  nitrogen  are  at  wavelengths  widely  separated  from  the  exciting  laser  radiation  and  can  be 
easily  measured  using  modem  filter  technology  and  sensitive  detectors  [Ref  1-4].  The  atmospheric 
temperature  measurements  have  been  made  using  the  rotational  Raman  scattering  of  the  molecular 
nitrogen  and  molecular  oxygen,  which  together  with  the  water  vapor  measurements  permits 
determination  of  the  RF-refractivity  [Ref  5-9].  In  order  to  push  the  lidar  measurement  capability 
into  the  daylight  conditions,  we  have  used  the  "solar  blind"  region  of  the  spectrum  between  270  and 
300  nm  [Ref  8,10].  Night  time  measurements  are  made  using  the  660nm/607nm  (H2O/N2)  signal 


596 


ratio  from  the  doubled  Nd:  YAG  laser  radiation  at  532  nm.  Daylight  measurements  are  obtained 
using  the  294.6nm/283.6nm  (H2O/N2)  ratio  from  the  quadruple  NdrYAG  laser  radiation  at  266  nm. 
A  small  correction  for  the  tropospheric  ozone  must  be  applied.  That  correction  can  be  obtained  from 
the  ratio  of  the  O2/N2  signals  from  277.5nm/283.6nm,  and  the  lower  troposphere  ozone  profile  is 
obtained. 


RF-REFRACTIVITY 

The  molecular  density  effect  on  the  refraction  can  be  determined  from  the  temperature  profile 
and  a  surface  pressure  measurement.  We  have  been  able  to  demonstrate  that  the  rotational  Raman 
signal  provides  a  useful  temperature  profile.  The  design  and  constmction  of  the  narrow  band  filters 
to  eliminate  the  large  back  scatter  signal  from  the  nearby  fundamental  laser  line  presents  the  primary 
challenge.  The  ratios  of  the  measured  signals  at  530nm/528nm  from  the  doubled  Nd:  YAG  at  532 
nm  have  been  used  to  provide  a  robust  technique  to  obtain  the  temperature  profile. 

The  RF-refractivity,  N,  represents  the  significant  figures  of  the  refractive  index,  n,  and  is 
based  upon  the  following  empirically  derived  relationship, 

N  =  (n-l)xlO^  (1) 

=  77.6  P/T  +  3.73  x  10^  e/T^ ,  (2) 

where  the  water  vapor  partial  pressure,  e  (mbar),  is  related  to  the  specific  humidity,  r  (gm/kg),  by 
the  relation, 

e  (mb)  =  (rP)/(r  + 621.97).  (3) 

The  errors  associated  with  the  measurement  may  be  considered  based  upon  analysis  of  the 
propagation  of  errors.  The  errors  have  the  approximate  values  given  by, 

An  =  (6N/6r)  Ar  +  (6n/6t)  At  +  (6n/6p)  Ap  ,  (4) 

6N/6r  ~  6.7  6N/6T  ~  -1 .35  6N/6P  ~  0.35 

dN/dz  =  6.7  dr/dz  - 1 .35  dT/dz  +  0.35  dP/dz .  (5) 

The  values  used  in  these  relationships,  which  are  typical  of  the  lower  atmosphere,  show  that  the 
gradients  in  water  vapor  are  most  important  in  determining  RF  ducting  conditions. 

The  Raman  techmques,  which  use  of  ratios  of  the  signals  for  measuring  water  vapor  and 
temperature,  remove  essentially  all  of  uncertainties,  such  as  the  need  for  knowledge  of  the  absolute 
sensitivity  and  non-linear  factors  caused  by  aerosol  and  cloud  scattering. 


MEASUREMENT  CAPABILITY 

The  LAPS  lidar  instrument  has  been  developed  from  lessons  learned  in  preparing  and  using 
prior  research  instruments.  The  LAPS  umt  was  designed  to  include  many  automated  features  which 
make  the  instrument  “user  friendly '  for  operators  who  are  not  specialists  in  lasers  or  electro-optics. 
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The  instrument  was  fabricated  during  FY95/96  and  has  been  deployed  onboard  the  USNS  Sumner, 
a  Navy  survey  ship,  in  the  Gulf  of  Mexico  and  along  the  Atlantic  coast  of  Florida  during  September- 
October  1996,  to  perform  tests  and  validate  its  performance.  It  has  performed  well  and  provided 
excellent  data  products.  The  LAPS  instrument  was  designed  to  provide  the  real-time  Hata  product 
of  RF-refractive  conditions  vdth  automated  control  of  most  operating  features.  More  than  twenty 
features  have  been  designed  into  the  instrument  to  control  and  simplify  the  instrument  operation. 
It  is  intended  that  a  weather  officer  could  obtain  the  data  on  demand  or  acc[uire  data  according  to 
some  planned  schedule.  Advanced  versions  of  the  instrument  are  planned  to  include  capability  to 
measure  the  wind  field,  the  electro-optical  environment  and  other  parameters  [Ref  10-13].  The  long 
term  plan  for  the  instrument  is  to  replace  most  of  the  current  balloon  sonde  profiling  and  thus  enable 
data  collection  at  more  frequent  intervals  to  support  radar  operations  or  weather  affected  missions. 

The  shipboard  testing  periods  for  the  Lidar  Atmospheric  Profile  Sensor  (LAPS)  instrument 
were  intended  to  demonstrate  its  ability  to  measure  the  RF  refiactivity  and  demonstrate  the  capability 
for  automated  operation  under  a  wide  range  of  meteorological  conditions.  The  instrument  measures 
the  water  vapor  profile  based  on  the  vibrational  Raman  scattering  and  the  temperature  profile  based 
on  the  rotational  Raman  scattering,  and  these  measurements  provide  real-time  profiles  of  RF 
refractivity.  The  characteristics  of  the  primary  sub-systems  of  foe  LAPS  instrument  are  listed  in 
Table  1 .  Profiles  are  currently  obtained  at  each  minute,  with  a  vertical  resolution  of  75  meters  from 
foe  surface  to  7  km.  The  vertical  resolution  will  be  improved  to  15  meters,  in  foe  near  future,  using 
a  new  fast  electronics  package,  which  has  recently  been  tested  in  our  laboratory.  The  prototype 
instrument  includes  several  sub-systems  to  automate  foe  operation  and  provide  foe  real-time  profiles. 
Also,  foe  instrument  includes  an  X-band  radar  which  detects  aircraft  as  they  approach  foe  beam  and 
automatically  protects  a  6  degree  cone  angle  arovmd  foe  beam.  The  instrument  also  includes  self 
calibration,  performance  testing  and  built-in-tests  to  check  many  fiinctions. 

Table  1.  LAPS  Lidar  Characteristics 


Transmitter 

Continuum  9030  -30  Hz 

5X  Beam  Expander 

600  mj  @  532  nm 

130  mj  @266nm 

Receiver 

61  cm  Diameter  Telescope 

Fiber  optic  transfer 

Detector 

Seven  PMT  channels 

Photon  Counting 

528  and  530  nm  —  Temperature 

660  and  607  nm  —  Water  Vapor 

294  and  285  nm  —  Daytime  Water  Vapor 
276  and  285  nm  —  Raman/DIAL  Ozone 

Data  System 

DSP  100  MHZ 

75  meter  range  bins  (upgrade  to  15  m) 

Safety  Radar 

Marine  R-70  X-Band 

protects  6°  cone  angle  aroimd  beam 

In  addition  to  foe  water  vapor  and  temperature  profiles,  foe  true  extinction  and  ozone  profiles 
are  also  measured.  By  comparing  foe  molecular  profiles  of  foe  N2  Raman  and  rotational  Raman  with 
the  neutral  atmosphere  density  gradient,  foe  extinction  profile  can  be  obtained.  The  day  time 
measurements  of  water  vapor  are  determined  using  foe  solar  blind  ultraviolet  wavelengths.  The  ratio 
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of  the  Nj  and  O,  vibrational  Raman  measurements  on  the  slope  of  the  Hartley  band  of  ozone  provide 
a  DIAL  measurement  of  the  ozone  profile  in  the  lower  atmosphere,  surface  up  to  3  km. 

The  LAPS  development  has  been  directed  toward  the  measurement  of  the  refi^ctivity  of  the 
atmosphere  for  determination  of  electromagnetic  ducting  conditions.  The  equations  which  are 
usually  adopted  for  calculations  of  the  refractive  index  are  based  upon  temperature,  pressure  and 
water  vapor  partial  pressure.  Figure  1  shows  an  example  of  the  comparison  of  the  LAPS  lidar  water 
vapor  profile  (data  points  with  ±lo  statistical  error  of  the  photon  count)  with  a  rawinsonde  balloon 
released  at  the  same  time  period  (solid  line).  The  lidar  measurement  points  represent  individual 
measurements  at  75  meter  range  bins  integrated  over  15  minutes,  no  smoothing  of  the  lidar  vertical 
profile  has  been  applied.  The  gradual  departure  between  the  mean  value  of  the  two  profiles  at  high 
altitude  is  attributed  to  the  spatial  homogeneity  of  the  atmosphere  as  the  balloon  drifts  away  from 
the  release  site,  often  by  several  lO's  of  kilometers  during  the  time  while  it  rises  to  5  km  altitude. 
The  profile  in  Figure  1  was  obtained  from  the  integration  of  15  minutes  of  data  collected  at  23:20 
EDT  on  23  June  1 996.  The  time  sequence  of  the  data  is  very  useful  in  observing  the  changes  in 
meteorological  conditions.  Figure  2  shows  two  examples  of  the  temperature  profiles  determined 
from  the  LAPS  lidar  compared  to  the  rawinsonde  balloon  corresponding  results,  the  measurements 
were  made  at  21:34  EDT  on  30  May  1996  and  23:27  on  20  July  1996.  These  measurements  also 
show  the  ±lo  error  but  there  has  been  a  three  point  smoothing  filter  applied  at  middle  altitudes  and 
a  five  point  smooth  applied  at  upper  altitudes.  Below  2  km,  the  statistical  error  is  small  a  fraction 
of  a  degree,  but  the  errors  grow  rapidly  at  higher  altitude.  The  temperature  measurements  are  not 
optimized  and  approximately  ten  times  improvement  in  signal  is  expected  from  two  changes.  The 
detector  currently  uses  neutral  density  filters  to  maintain  the  signal  in  a  liner  operating  region,  which 
will  be  extended  by  a  factor  of  five  using  the  newer  high  speed  electronics.  The  current  limit  is  set 
by  the  saturation  of  the  photon  count  rate  due  to  the  electronics  limitations. 

The  LAPS  program  has  been  focused  on  preparation  of  an  operational  prototype  for 
measurements  of  atmospheric  RF  refraction.  The  development  has  been  very  successful  and 
provided  an  operational  prototype  instrument  which  can  provide  the  real  time  profiles  of  the 
atmospheric  and  meteorological  properties  required  for  mission  support  on  Navy  ships.  The 
prototype  testing  has  included  a  successful  demonstration  on  a  Navy  ship. 


SHIPBOARD  TESTING 

The  installation  of  the  LAPS  instrument  on  the  USNS  Sumner  was  accomplished  on  30 
August  at  Pascagoula  MS.  During  the  weekend,  3 1  August  -  2  September,  the  instrument  was  tested 
and  prepared  for  shipboard  operation.  Testing  of  the  LAPS  instrument  was  carried  out  during  the 
period  while  the  USNS  Sumner  carried  out  survey  operations  in  the  areas  near  the  Florida  Keys  and 
near  the  Bahama  Islands  during  the  periods  3-21  September  and  27  September  -  15  October. 
Between  21  and  27  September,  the  USNS  Sumner  was  in  Port  Everglades  at  Fort  Lauderdale,  FL, 
where  tours  were  given  for  scientists  attending  the  OCEANS  96  Conference. 

During  the  period  while  the  USNS  Sumner  was  at  sea,  the  LAPS  lidar  was  used  to  gather 
data  in  352  hourly  subdirectories.  Thus  measurements  were  obtained  during  an  average  of  10  hours 
each  day  during  the  sea  trials.  Measurements  were  obtained  during  both  day  and  night  time 
conditions.  On  several  occasions,  the  LAPS  lidar  instrument  was  run  continuously  for  extended 
periods,  including  one  period  of  24  hours  and  one  of  36  hours.  Measurements  were  made  in  all 
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weather  conditions  and  the  instrument  was  available  99  %  of  the  time.  It  was  only  down  during  one 
period  of  10  hours  for  scheduled  routine  maintenance  and  alignment  The  operations  during  cloudy 
periods  where  generally  successful  in  providing  sufficient  data  between  clouds  and  through  light 
clouds  to  provide  useful  profiles.  Approximately  5  to  1 0  %  of  the  time  period  (the  detail  survey  has 
not  been  completed  at  this  time),  we  experienced  clouds  with  optical  thickness  such  that  limited 
operations  provided  profiles  only  below  their  base. 

The  LAPS  lidar  can  be  used  to  characterize  the  marine  boundary  layer.  The  results  show 
unprecedented  ability  to  characterize  the  variations  that  occur  in  the  marine  boundary  layer  which 
causes  important  effects  upon  Navy  missions.  The  measured  properties  provide  the  capability  to 
generate  the  real  time  profiles  of  RF  refiractivity,  visibility  and  the  meteorological  profiles  which  are 
needed  to  forecast  the  weather  conditions.  Examples  of  the  shipboard  real  time  data  display  of  the 
water  vapor  profiles  and  the  temperature  profiles  measured  are  shown  in  Figures  3-6. 


LAPS  data;  06/23/96  23:20  EOT  Rawinsondo  data:  06/24/96  03:23  GMT 


Specific  Humidity  [g/kg] 


Figure  1 .  The  profile  of  specific  humidity  measured  by  the  LAPS  instrument  on  23  Jime  1996.  The 
lidar  measurement  points  at  75  meter  spacing  are  shown  with  their  ±la  statistical  error  (no 
smoothing  between  individual  measurements).  A  rawinsonde  profile  firom  a  balloon  package 
released  at  the  same  time  is  shown  as  a  line  for  comparison.  The  symbol  ®  indicates  the  surface 
measurement  made  by  a  point  sensor  in  the  LAPS  instrument. 
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Figure  2.  Temperature  profiles  are  measured  from  the  rotational  Raman  scatter  signal  from  the 
LAPS  lidar  instrument.  Examples  of  measurements  obtained  on  30  May  1996  at  21 :34  EDT  and  20 
July  1996  at  23:27  are  shown. 


Figure  3  and  4  show  the  real  time  display  for  water  vapor  and  temperature  profiles  at  0200 
GMT  on  17  September  1996  from  the  shipboard  data  records.  These  figures  show  the  same 
graphical  display  that  is  available  to  the  operator  in  Figures  3  a  and  4a.  The  ±1q  statistical  count 
error  is  shown  for  every  second  data  point  on  the  real  time  plots,  so  the  significance  of  the  variations 
can  be  observed.  Figures  3b,  3c,  3d  and  4b  also  show  the  post  mission  analysis  which  compares  the 
lidar  and  balloon  profiles.  Figure  3e  shows  the  grey  scale  representation  of  the  operator’s  real  time 
display  of  the  water  vapor  time  sequence.  The  time  sequence  display  is  convenient  for  detecting 
changes  in  the  local  meteorology  that  indicates  the  approach  of  a  weather  front  or  a  change  in  the 
weather  conditions.  Figure  5  shows  the  one  minute  time  sequence  of  the  water  vapor  profiles  as  a 
false  color  display  (the  scale  represents  the  specific  humidity  in  gm/kg),  this  display  is  a  grey  scale 
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representation  of  the  false  color  display  in  the  real  time  display  package.  Figure  6  shows  a  display 
of  the  refractive  conditions.  In  the  lower  panels  of  Figure  6,  the  temperature  and  water  vapor 
components  are  shown  that  were  used  to  calculate  the  RF  refractivity,  N  (light  line),  and  modified 
refractivity,  M  (dark  line),  in  the  upper  panel  of  Figure  6.  The  modified  refractivity  shows  the 
adjustment  which  accounts  for  the  earth  curvature  and  permits  an  easy  interpretation  of  the  location 
of  RF  refiiacting  ducts. 


Water  Vapor  Mixing  Ratio 


Water  vapor  mixing  ratio  (g/kg) 


Figure  3  (a).  The  water  vapor  measurements  as  displayed  by  the  real  time  display  program  of  the 
LAPS  instrument  obtained  on  the  USNS  Sumner  on  17  September  1996  at  0200-0230  Z.  The 
profile  includes  the  statistical  error  bars  (±lo)  on  every  other  data  point. 
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The  LAPS  instrument  was  operated  and  data  obtained  on  every  operation  attempted  or 
planned  during  the  period  of  the  sea  trial.  All  of  the  indications  and  investigations  of  the  Hgtfi  show 
that  the  instrument  was  fully  successful  in  demonstrating  the  capability  to  obtain  the  meteorological 
data  and  RF  refractivity  conditions  during  day  and  night  conditions  and  in  all  weather  conditions. 
The  LIDAR  system  offers  the  capability  to  obtain  high  quality  RF  ducting  prediction  data  with  real 
time  data  products  and  routine  update  without  the  use  of  radiosonde  expendables. 


LAPS  09/17/96  02:00  GMT 


0.02  0.04  0.06  0.08  0.1  0.12  0.14 
660/607 


Radiosonde  Data  09/17/96  02:06  GMT 


Figure  3  (b).  The  water  vapor  measurements  of  the  LAPS  instrument  obtained  on  the  USNS  Sumner 
on  17  September  1996  at  0200-0230  Z  (same  data  as  Figure  3a).  The  profiles  show  the  raw  660/607 
wavelength  ratio  and  the  fit  to  the  balloon  sonde  (solid  line)  at  the  same  time  period,  both  profiles 
show  the  statistical  error  bars  (±lo)  on  each  data  point. 
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LAPS  09/17/96  02:00GMT  Radiosonde  Data  09/17/96  02:06  GMT 
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LAPS  Visible  Water  Vapor  [g/kgj  09/17/96 
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LAPS  Data:  09/17/96  02:00  GMT  Rawinsonde  Data:  09/17/96  02:06  GMT  LAPS  Visible  Water  Vapor  [g/kgj  09/06/96 
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LAPS  REFRACTMTY  PROFILE 
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LAPS  TEMPERATURE  PROFILE 


LAPS  WATER  VAPOR  PROFILE 


Figure  6.  The  lower  panels  show  the  water  vapor  (Figure  3a)  and  temperature  (Figure  4a) 
measurements  from  the  data  gathered  onboard  the  USNS  Sumner  on  1 7  September  1 996.  The  upper 
panel  shows  the  RF-refiactivity  (thin  line)  and  modified  refractivity  (thick  line)  profiles  calculated 
from  the  lidar  measurements  of  water  vapor  and  temperature. 
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SUMMARY 


The  completion  of  the  fabrication  and  demonstration  testing  of  the  LAPS  instrument  durmg 
1996  has  shown  that  lidar  can  be  developed  to  a  level  which  permits  routine  measurements  of 
atmospheric  properties.  The  automated  controls  of  many  functions,  which  have  typically  isolated 
lidar  within  research  laboratories,  are  not  a  problem  and  should  not  continue  to  limit  the  useful 
applications  of  lidar  techniques.  The  LAPS  has  demonstrated  that  a  rugged,  weather  sealed, 
instrument  can  be  operated  routinely  and  provide  real  time  data  products.  The  measurements  can 
be  made  24  hours  per  day  and  though  limited  in  height,  the  daytime  measurements  of  the  lower 
atmosphere  can  certainly  be  performed. 

The  LAPS  instrument  tests  have  demonstrated  the  measurements  of  the  real  time  profiles 
of  the  properties  which  determine  the  RF-refractivity.  The  temperature  and  water  vapor 
measurements  are  part  of  the  critical  parameters  which  weather  balloons  provide  today  and  the 
lidar  techniques  will  provide  in  the  future.  Basically,  the  tests  and  evaluation  of  the  LAPS  lidar 
has  demonstrated  the  following  points; 

(1)  Real-time  profiles  of  RF  refiractivity 

(2)  Nighttime  measurements  of  water  vapor,  0  - 10  km 

(3)  Daytime  measurements  of  water  vapor,  0  -  4  km 

(4)  Rotational  Raman  temperature  profiles,  0-10  km 

(5)  Aerosol  extinction  profiles,  0  -  10  km 

(6)  Ozone  measurements,  0-3  km 

The  measurements  of  the  LAPS  instrument  have  been  limited  to  75  meter  range  resolution, 
however,  the  bench  testing  on  newly  developed  high  speed  electronics  will  allow  us  to  measure 
the  future  profiles  with  7  meter  resolution.  The  LAPS  instrument  is  ready  to  be  commercialize 
for  use  as  land-based  and  shipboard  instrument. 
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Battle  Space  Weather  Conditions  for  Joint  Strike  Support 


by 
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Naval  Air  Warfare  Center  Weapons  Division 
Point  Mugu,  California  93042 


Abstract: 

Battlespace  meteorological  and  oceanographic  (METOC)  conditions  can 
be  defined  and  displayed  using  the  Navy's  C4I  architecture  for  use  in 
strike  planning,  optimizing  weapons  performance,  and  post-operation 
assessment.  Using  the  Tactical  Environmental  Support  System  (TESS), 
METOC  satellite  imagery  has  been  exploited  to  derive  estimates  of 
temperature  and  cloud  conditions  along  Tomahawk  flight  paths,  and 
integrated  with  operational  geometry  to  support  missile  launches 
conducted  during  Joint  Warrior  Interoperability  Demonstration 
(JWID)-95.  The  integrated  displays  were  sent  from  the  Battle 
Management  Interoperability  Center  (BMIC)  at  the  Naval  Air 
Warfare  Center  Weapons  Division  at  Point  Mugu,  and  transmitted  via 
JMCIS/SIPRNET  to  CINCPACFLT  at  Pearl  Harbor,  where  they  were 
inserted  as  strike  warfare  support  products  on  a  home  page  for 
transmission  to  other  JWID  participants. 

TESS  architecture  is  also  being  used  to  define  cloud  and  other  METOC 
conditions  during  support  of  Joint  Stand-Off  Weapon  (JSOW)  testing, 
during  SHAREM  exercises  in  the  Arabian  Gulf,  and  for  transfer  of 
METOC  data  to  the  Tactical  Aircraft  Mission  Planning  System 
(TAMPS). 

Additional  capability  is  being  developed  using  processed  visual  and 
infrared  satellite  data  to  estimate  duct  height  topography  over  low- 
cloud  covered  regions  of  the  ocean  covering  thousands  of  square 
miles.  In  combination  with  overlays  of  large  scale  pressure  and 
temperature  fields,  the  products  are  also  useful  in  relating  weather 
map  features  to  anticipated  EM/EO  propagation  conditions. 


1.  Background: 

As  one  of  the  most  crucial  factors  in  determining  the  outcome  of 
warfare,  weather  and  other  METOC  data  describing  conditions 
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throughout  the  battlespace  need  to  be  quickly  transmitted  and 
understood  by  the  warrior  and  mission  planner.  Although  current 
efforts  are  underway  to  exploit  METOC  data  in  a  PC  environment, 
considerable  capability  exists  now  within  the  present  C4I 
architecture  to  provide  automated  data  directly  to  the  warfighter.  As 
an  integral  part  of  the  Joint  Maritime  Command  Information  System 
(JMCIS),  the  Navy's  Tactical  Environmental  Support  System  (TESS) 
can  transmit  digital  grid  and  satellite  data  via  SIPRNET  from  its  TESS 
Remote  Workstation  (TRWS)  to  another  TRWS-equipped  platform 
anywhere  afloat.  By  combining  satellite  imagery  and  extracted  digital 
data  on  one  display,  some  simple  but  highly  informational  products 
can  be  provided  to  describe  METOC  conditions  throughout  the 
battlespace  in  time  for  use  as  real-time  or  planning  products.  Some 
of  this  capability  is  both  being  developed  and  demonstrated  in  the 
Battle  Management  Interoperability  Center  (BMIC)  located  at  the 
Naval  Air  Warfare  Center  Weapons  Division  (NAWCWPNS),  Point 
Mugu,  California.  Under  the  sponsorship  of  the  Space  and  Naval 
Warfare  Systems  Command  METOC  Systems  Program  Office  (PMW- 
185),  these  capabilities  are  being  developed,  demonstrated,  validated 
and  transitioned  to  operational  products. 

2.  Joint  Strike  Weapons  Support: 

During  the  test  and  evaluation  of  the  Joint  Stand-Off  Weapon 
(JSOW)  at  both  the  China  Lake  Land  Range  and  Point  Mugu  Sea 
Range,  Geophysics  Branch  personnel  exploited  the  TESS  capabilities  to 
ready  the  JSOW  planning  process  for  eventual  operational  use  of 
METOC  data.  Since  wind  is  a  critical  parameter  for  this  glide  weapon, 
gridded  winds  from  the  Navy's  Operational  Regional  Atmospheric 
Prediction  System  (NORAPS)  were  received  from  the  Fleet  Numerical 
METOC  Center  (FNMOC)  in  Monterey  at  several  levels  and  displayed 
over  a  grid  of  the  Southern  California  operation  area  (figure  1).  This 
enabled  consideration  of  the  inherent  resolution  and 
representativeness  of  the  model  output. 

Since  cloud  occurrence,  height  and  temperature  will  also  be 
important  for  subsequent  variants  of  JSOW,  METOC  satellite  imagery 
has  been  used  to  demonstrate  the  ability  to  diagnose  these  conditions 
at  launch,  enroute,  and  target  areas.  A  valuable  and  easy  to  interpret 
display  was  developed  on  the  TRWS  by  combining  a  visual  TIROS 
satellite  image  showing  cloud  conditions  and  specific  geographical 
features  over  the  operational  area  of  interest,  as  shown  in  figure  2. 
Superimposed  were  isotherms  of  surface  temperature  derived  from 
the  TESS  data  base  for  as  close  to  operation  time  as  possible.  Last,  but 
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not  least,  an  overlay  of  the  planned/actual  missile  flight  path  was 
developed  so  that  the  environmental  weather  conditions  displayed 
on  the  screen  could  be  specifically  related  to  the  actual  coordinates 
and  location  of  the  missile  path.  By  implementing  this  relatively  easy 
to  produce  product  on  the  TRWS,  the  display  can  then  be  relayed  via 
the  JMCIS  system  to  any  other  participant  in  the  operation  for  use  in 
planning  or  performance  assessment. 

3.  Mission  and  Strike  Planning: 

To  effectively  exploit  METOC  data  for  use  in  mission  or  strike 
planning,  it  is  necessary  to  define  weather  conditions  throughout  the 
battlespace  in  real-time  or  for  short  periods  in  advance,  and  be  able 
to  provide  the  product  to  the  warfighter  in  a  quick  and  easy-to- 
understand  form.  Although  the  architecture  is  still  evolving,  several 
aspects  of  this  requirement  can  be  demonstrated  and  utilized  today 
using  the  current  configurations  of  TESS. 

As  was  shown  above  for  JSOW  support,  similar  satellite-based 
capabilities  were  demonstrated  for  strike  planning  by  NAWCWPNS  in 
support  of  JWID-95.  In  this  scenario,  a  Tomahawk  missile  was 
launched  from  the  Sea  Range  to  a  target  at  Fallon,  Nevada.  As  was 
done  for  real  missions  during  Desert  Storm,  METOC  satellite  data  was 
used  to  estimate  temperatures  along  the  flight  path,  only  this  time, 
the  process  was  largely  automated  through  TESS  and  displayed  on 
the  TRWS  along  the  planned  missile  flight  path.  In  addition,  visual 
cloud  conditions,  geographic  features  and  operational  information 
were  also  displayed  on  the  single  product,  so  that  the  integrated 
effects  of  the  METOC  environment  could  be  quickly  assessed  over 
each  segment  of  the  planned  operation.  This  is  shown  in  figure  3. 

To  demonstrate  the  ability  to  put  these  capabilities  in  the  hands 
of  the  user,  strike  warfare  products  were  transmitted  via  SIPRNET  in 
BMIC  to  CINCPACFLT  at  Pearl  Harbor  where  they  were  installed  on 
the  JWID  METOC  Home  Page.  The  menus  and  product  listings  were 
then  posted  as  shown  in  figures  4  and  5  where  they  could  be 
accessed  by  other  JWID  participants.  In  addition.  Geophysics 
personnel  were  able  to  successfully  demonstrate  sending  strike 
planning  products  directly  to  the  Tomahawk  shooter. 

In  order  to  provide  short-term  forecasts  of  cloud  cover  in  a  form 
readily  useable  by  the  warrior,  NAWCWPNS,  under  SPAWAR 
sponsorship,  collaborated  with  the  Naval  Research  Laboratory  (NRL) 
in  Monterey  and  NRaD  in  San  Diego  to  implement  the  Nagle  Cloud 
Advection  Model  (NCAM)  which  essentially  provides  forecast 
'satellite'  images  based  on  sound  physical  and  meteorological 
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processes.  NCAM  has  been  implemented  on  the  TESS  Maxion 
computer  as  well  as  on  a  TAC-3  computer.  An  early  form  of  the 
capability  was  successfully  demonstrated  during  a  recent  SHAREM 
exercise  at  the  Naval  European  METOC  Center  at  Rota,  Spain. 

Successful  tactical  exploitation  of  METOC  satellite  data  will  also 
necessarily  require  the  use  of  geostationary  imagery  so  that  changes 
in  cloud/storm  conditions  can  be  quickly  detected  and  animated. 
NAWCWPNS  has  been  performing  test  and  evaluation  of  a 
geostationary  satellite  display  system  and  has  successfully 
demonstrated  the  ability  to  animate  several  images  in  a  time- 
sequence  (similar  to  satellite  'loops'  available  on  television)  and 
transmit  the  images  from  the  TRWS  to  Rota  and  to  San  Diego. 

Although  a  great  deal  of  development  remains  to  combine  these 
functionalities  into  other  existing  satellite  display  systems,  the 
crucial  capability  of  providing  high-resolution  geostationary  satellite 
imagery  to  a  TRWS-equipped  platform  anywhere  afloat  has  been 
demonstrated  for  the  first  time  without  the  need  for  special  satellite¬ 
receiving  antennaes  onboard. 

Another  mission  planning  application  of  METOC  data  is  also  being 
tested  and  evaluated  in  BMIC  at  NAWCWPNS.  The  Tactical  Aircraft 
Mission  Planning  System  (TAMPS)  will  be  the  provider  of  METOC 
data  and  products  to  a  variety  of  mission  planning  and  weapons 
support  activities.  With  the  assistance  of  personnel  from  NRaD  and 
SPAWAR,  the  ability  to  transfer  METOC  data  from  TESS  and  TRWS  to 
TAMPS,  long  a  goal  of  NAVAIR  and  SPAWAR,  has  been  recently 
demonstrated  at  Point  Mugu.  Gridded  data  and  horizontal  weather 
depictions  were  successfully  sent  from  BMIC  to  the  Central  Data  Base 
Server  (CDBS)  from  where  TAMPS  was  able  to  access  the  data.  After 
some  planned  updates  in  hardware  and  configuration,  the  ability  to 
send  a  variety  of  products  from  TESS  to  TAMPS  should  be  feasible. 

4.  EM/EO _ Propagation  Environment 

To  characterize  the  EM/EO  propagation  environment  over  broad 
sub-tropical  ocean  regions,  capabilities  are  being  developed  to 
automatically  translate  satellite-derived  estimates  of  cloud-top 
temperatures  into  estimates  of  elevated  duct  height.  Termed  the 
“Satellite  IR-duct”  technique,  the  capability  provides  a  description  of 
how  the  propagation  environment  varies  in  the  horizontal.  As  shown 
in  figure  6,  duct  height  estimates  can  then  be  displayed  atop  satellite 
imagery  (either  visual  or  IR),  and  overlayed  with  synoptic  scale 
analyses  of  pressure,  height  and  temperature  fields  to  improve  the 
understanding  and  predictability  of  how  weather  systems  influence 
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propagation  conditions.  The  satellite -IR  duct  technique  requires 
clouds  in  inversion-dominated  weather  regimes.  A  complementary 
technique  under  development  by  the  Naval  Postgraduate  School 
allows  duct  height  estimates  from  satellite  data  in  cloud-free  regions. 
An  independent  method  of  estimating  duct  height  over  either  cloudy 
or  clear  conditions  has  been  developed  from  gridded  data  by  Roger 
Helvey.  Termed  the  “Equivalent  Altitude”,  results  from  this  method 
are  displayed  in  figure  7  for  approximately  the  same  time  as  shown 
in  figure  6. 

5.  Summary: 

The  process  of  exploiting  satellite  and  other  METOC  data  for  real¬ 
time  weapons  support  and  mission/strike  planning  has  been 
demonstrated  at  Point  Mugu  in  a  much  more  automated  fashion  than 
has  been  previously  used  operationally.  Even  as  the  architecture 
migrates  to  a  more  PC  environment,  the  critical  elements  of 
combining  satellite-derived  depictions  of  cloud  cover,  temperature, 
duct  height  geographical  and  operational  data  and  other  important 
environmental  information,  and  sending  simple  and  useful  displays 
via  JMCIS  and  standard  communication  links  to  the  warrior  has  been 
demonstrated. 
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Figure  1.  TESS -provided  high  resolution  wind  field  for 
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Figure  2.  TRWS  satellite  product  for  JSOW  combining  cloud  cover, 
temperature  and  operational  geometry 
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Figure  3.  JWID-95  strike  warfare  support  product  combining  cloud 
cover,  Tomahawk  flight  path  geometry  and  temperature  along  path 
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Figure  4.  JWID-95  CINCPACFLT  METOC  Home  Page  product  sources 
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Figure  6.  Duct  height  estimates  from  Satellite-IR  duct  technique 
superimposed  on  visual  cloud  image  and  upper  air  flow  pattern. 
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•igure  7.  Duct  height  estimates  from  Equivalent  Altitude  technique 
uperimposed  on  satellite  IR  and  atmospheric  stability. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMBNo.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  121 5  Jefferson  Davis  Highway,  Suite  1 204,  Arlington,  VA  22202-4302, 
and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 


1 .  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE 


December  1996 


4.  TITLE  AND  SUBTIUE 


PROCEEDINGS  OF  THE  BATTLESPACE  ATMOSPHERICS 
CONFERENCE  3-5  DECEMBER  1996 


6.AUTHOR(S) 

J.  H.  Richter,  K.  D.  Anderson,  eds. 


3.  REPORT  TYPE  AND  DATES  COVERED 

Final  3-5  December  1996 


5.  FUNDING  NUMBERS 


06022435N 

DN302216 

D88-MPB3 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Command,  Control  and  Ocean  Surveillance  Center  (NCCOSC) 

RDT&E  Division 

San  Diego,  California  92152-5000 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  VA  22217-5660 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


TD2938 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  is  unlimited. 


13,  ABSTRACT  (Maximum  200  worcte) 


The  1996  Battlespace  Atmospherics  Conference  was  held  in  San  Diego,  California  from  3-5  December 
1996.  The  conference  covered  modeling,  measurement,  and  prediction  of  atmospheric  effects  on  electromag¬ 
netic,  electrooptical,  and  acoustic  systems.  A  total  of  67  papers  and  5  poster  sessions  were  presented.  This  doc¬ 
ument  contains  the  written  versions  for  most  of  the  presentations  and  posters. 


14.  SUBJECT  TERMS 


15.  NUMBER  OF  PAGES 


Mission  area:  Surveillance 


electromagnetics,  electrooptics,  acoustics,  atmospheric  effects 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 


20.  LIMITATION  OF  ABSTRACT 


UNCLASSIHED 


UNCLASSIHED 


UNCLASSIHED 


SAME  AS  REPORT 


NSN  7540-01-280-5500 


Standard  form  298  (FRONT) 


NSN  7540-01-280-5500 


Standard  form  298  (BACK) 


